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ABSTRACT 
Anthropogenic activities are fundamentally altering the chemistry of the world’s oceans. 
Many of these modifications could have a significant impact on the health of marine 
organisms. Yet, despite being proposed as one of the most significant threats that 
marine ecosystems face, to date very little is known about the impact of anthropogenic 
climate change, and ocean acidification in particular, on host defence. The aims of this 
thesis are to investigate the impact of environmental stressors on the invertebrate 
immune response, providing empirical data on how anthropogenically induced stressors 
will impact the invertebrate immune system and how this will impact organism 
condition and subsequent physiological trade-offs. Exposure to reduced seawater pH 
and increased temperature significantly reduced the immune response in the blue 
mussel, Mytilus edulis. This reduction in immune response could indicate stress-induced 
immune dysfunction. However, the immune system protects an organism from 
infectious disease, ensuring survival, and should therefore be evaluated functionally 
rather than immunologically. By subsequently exposing mussels to a bacterial challenge 
this study demonstrated that an earlier study which measured a reduction in host 
defence represented a trade-off of immune system maintenance costs, with mussels 
maintaining a capacity to up-regulate immune defence when required. However, whilst 
this immune plasticity ensures mussels are able to survive a pathogen exposure, such a 
strategy appears to be physiologically costly. This cost is seen as a reduction in 
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reproductive investment, an altered energy metabolism and an altered fatty acid 
composition in organisms exposed to low pH. Therefore the overarching picture that 
emerges is, without measuring physiological processes functionally, and in neglecting 
any physiological trade-offs, it is possible that many studies may misinterpret the 
complex physiological responses of marine organisms to ocean acidification.  
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“The scientist does not study nature because it is useful; he studies it because he 
delights in it, and he delights in it because it is beautiful. If nature were not beautiful, it 
would not be worth knowing, and if nature were not worth knowing, life would not be 
worth living.” 
Jules Henri Poincaré (1854-1912) 
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1.1 INTRODUCTION 
 
Evolutionarily, host defence appeared alongside the emergence of the Protozoa 
approximately 2.5 billion years ago (Beck and Hanbicht, 1996), with its successful 
development being a prerequisite for more than a billion years of separate phyla 
evolution (Hoffmann and Reichhart, 2002). The early appearance of host defence has 
ensured elements of immunity are detectable in almost all living things (Beck and 
Hanbicht, 1996), with the immune system forming a major physiological mechanism to 
ensure host survival (Lochmiller and Deerenberg, 2000), controlling or fighting any 
pathogenic or parasitic insult (Lochmiller, 1996; Lochmiller and Deerenberg, 2000; 
Sheldon and Verhulst, 1996; Zuk, 1996). This has led to immunity being of vital 
importance to all animals (Zuk et al., 2004), and in plants the selection for an improved 
host defence has led to the evolutionary acquisition of over 100,000 secondary 
metabolites (Dixon, 2001). Therefore the immune system offers an ideal model system 
with which to investigate the ecological and evolutionary significance of stressors.  
 The notion of immunity, or what it is now understood to have been acquired 
immunity, was first described in historical records in 430 BC through Thucydides’ 
accounts of the plague of Athens during the Peloponnesian war (Seder and Hill, 2000). 
However, it took a further 2000 years before the physiological mechanisms 
underpinning this observation began to be properly understood. Firstly with Edward 
Jenner’s historic discovery of vaccination in 1796, finding that an inoculation with the 
cowpox virus protected recipients against the often lethal smallpox virus (Seder and 
Hill, 2000), and later through the groundbreaking work of others including Louis 
Pasteur, Elie Metchnikoff, Robert Koch, Emil von Behring and Paul Ehrlich 
(Silverstein, 1989).   
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 Traditionally, immunological investigation has focused on the molecular and 
physiological foundations of host-pathogen relationships under optimal conditions, 
often in the absence of pathogens (Hoffmann and Reichhart, 2002; Rolff and Siva-
Jothy, 2003; Tirapé et al., 2007). However, through the renewed application of these 
traditional investigations to include ecological, evolutionary biology and population 
biology theories, one of the most rapidly increasing areas of Biology has appeared; 
namely ecological immunology (Rolff and Siva-Jothy, 2003; Schmid-Hempel, 2003; 
Sheldon and Verhulst, 1996). The inception of ecological immunology has led to an 
ever increasing body of literature that investigates the impact of environmental stressors 
on the immune response and in particular how these stresses act to create and maintain 
immune system variation, although the majority of studies to date are restricted to the 
study of vertebrates (Rolff and Siva-Jothy, 2003; Zuk et al., 2004). However, as innate 
immunity is the only immunological defence mechanism available for the five to ten 
million species of invertebrate metazoans, compared with around 45,000 extant 
vertebrate species that are able to rely on both innate and adaptive immunity (Hoffmann 
and Reichhart, 2002), there is growing realisation that invertebrate immunology 
provides an ideal model system with which to investigate the response, and subsequent 
evolution, of immune defences to environmental stressors.  
 The invertebrate immune response is a non-adaptive system, based on both 
cellular and humoral components (Schmid-Hempel, 2003; Fig 1.1), each being divided 
into two aspects: being the afferent (or sensing) and efferent (or effector) arms (Beutler, 
2004). The afferent arm involves receptor-mediated recognition of pathogen-associated 
molecular patterns (PAMPs; Fig 1.1a), which are highly conserved within microbial 
species and generally absent in the host (Janeway and Medzhitov, 2002). Pathogen 
recognition receptors (PRRs), such as toll like receptors (TLRs), lipopolysaccharide-  
Chapter 1                                                                                                                        General Introduction 
- 4 - 
 
 
  
Figure 1.1 Schematic overview of the marine invertebrate immune response, using the bivalve 
mollusc, Mytilus edulis, as a model species (following Philipp et al. 2012). a) Pathogen recognition: 
recognition of non-self PAMPs is via PRRs, triggering a multifaceted immune response, b) 
Phagocytsis: PAMP recognition induces bacterial engulfment by haemocytes, phagosome then fuses 
with lysosome, releasing lysosomal enzymes and reactive oxygen intermediates (ROIs), leading to 
pathogen degradation. c) Release of cytotoxic factors: pathogen recognition also stimulates 
production of cytokines, chemokines, antimicrobial peptides (AMPs) and ROIs via a diverse array of 
transcriptional and regulatory pathways (see Philipp et al. 2012), as well as reactive nitrogen 
intermediates (RNIs) enzymatically catalysed by nitric oxide synthase (NOS). d) Apoptosis: 
programmed cell death is induced via complex regulatory pathways (which includes tumour necrosis 
factors (TNFs), BCL2 and caspase-like factors), leading to cell shrinkage, chromatin condensation, 
cell membrane blebbing, nuclear collapse and, finally, the production of apoptotic bodies, which are 
destroyed via phagocytosis.     
Chapter 1                                                                                                                        General Introduction 
- 5 - 
 
binding proteins (LBPs), peptidoglycan recognition receptors (PGRPs) and glucan 
binding proteins (GNBPs), bind to a pathogen, triggering a multifaceted immune 
response, being the efferent arm (Beutler, 2004; Bosch, 2008). Through the employment 
of a variety of cells that are capable of performing phagocytic (Fig 1.1b), cytotoxic (Fig 
1.1c) or inflammatory responses, alongside apoptosis (Fig 1.1d) and autophagy, a broad 
suite of possible innate immune responses are triggered when an organism is 
immunologically challenged (Roch, 1999). Understanding the exact complexity of the 
invertebrate immune response, and understanding how the immune system responds to 
changes in the environment is vital to help further our understanding of how host-
pathogen interactions will be affected by such changes, which in turn will help us to 
understand and predict how changes in immunocompetence, caused by environmental 
variability, may impact at a population or community level (Morley, 2010). 
 In what follows I discuss the response of the immune system to environmental 
perturbation and the methodological advances made within marine invertebrate 
ecological immunology over the past decade. In focusing on the efferent, or effector, 
arm of the immune response, the environmental stressors investigated and the immune 
parameters these stressors affect will be highlighted. In critically reviewing the cellular 
and humoral immune parameters typically tested within this field, the potential for the 
advancement of ecological immunity through the incorporation of newly emerging 
molecular and genetic techniques will be emphasised. Finally, the necessity of 
incorporating additional stressors and the need to employ different stressor models to 
further elucidate the ecological and evolutionary impact of stressors will be outlined. 
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1.2. CELLULAR IMMUNITY 
 
The predominant mechanism of marine invertebrate internal defence involves 
phagocytosis by immune cells (Coteur et al., 2005a; Pipe et al., 1995a). Active 
phagocytosis has even been demonstrated in animals such as the Cnidaria, which lack 
mobile phagocytes, haemolymph or an impermeable barrier to invading organisms, with 
phagocytosis being carried out by ectodermal as well as endodermal epithelial cells in 
Hydra (Bosch et al., 2009; Bosch and David, 1984, 1986). This led Bosch et al. (2009) 
to hypothesise that the epithelium is an ancient line of host defence. Immune cells, or 
phagocytes, can be classified into sub-populations based upon separate functional and 
staining characteristics (Noël et al., 1994; Pipe, 1990a; Pipe et al., 1995a), and they are 
particularly abundant in haemolymph, reaching a concentration between 2 to 4 x 106 
cells ml-1 in bivalves (Mitta et al., 2000a) and 2 to 9 x 106 cells ml-1 in starfish (Pinsino 
et al., 2007). In phagocytising a pathogen, phagocytes are capable of; non-self 
recognition, via the use of lectins (Mitta et al., 2000a; Pipe, 1990a; Renwrantz et al., 
1985), attaching to and endocytosing a pathogen (Mitta et al., 2000a) and killing an 
invader, via the production of cytotoxic factors which include reactive oxygen 
intermediates, nitric oxide and antimicrobial enzymes (Bachère et al., 1991; Carballal et 
al., 1997; Mitta et al., 2000a).  
 Considering its integral role in innate immune defence, it is not surprising that 
phagocytosis is the measure that has received the greatest amount of investigation when 
assessing the impact of changing environmental conditions on the marine invertebrate 
immune response. Typically the measure of phagocytosis investigates one of two 
components; the proportion of haemocytes that are phagocytically active in a haemocyte 
population (e.g. Gagnaire et al., 2006a) or the phagocytic index, being the number of 
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bacteria engulfed by each haemocyte, (e.g. Duchemin et al., 2007). Indeed, when 
measuring phagocytosis there are many separate methodologies used, which include 
conventional methods of microscopic assessment or agarose plate assays (Pipe et al., 
1999), measuring the activity in vivo via endocytosis of ferritin (e.g. de Faria and da 
Silva, 2008) or fluorescently labelled bacteria (e.g. Coteur et al., 2005a), measuring the 
uptake of neutral red stained zymosan, via a change in optical density using microplate 
analysis (e.g. Parry and Pipe, 2004) or measuring the uptake of fluorescent latex beads 
by flow cytometric analysis (e.g. Duchemin et al., 2007). However, irrespective of the 
measure investigated or the method used, each approach aims to measure the same end 
point, which is the ability of haemocytes to phagocytose bacteria, and therefore these 
measures will be considered as one entity, phagocytic activity, and results will be 
compared irrespective of the method the study used.  
 In demonstrating an alteration in phagocytic activity, a number of authors have 
shown this immune system component to be sensitive to environmental perturbation. 
Changes in environmental parameters such as temperature (Chen et al., 2007a, b; Cheng 
et al., 2004c; Hégaret et al., 2003; Monari et al., 2007; Parry and Pipe, 2004), salinity 
(Cheng et al., 2004d; Gagnaire et al., 2006a; Martello et al., 2000; Matozzo et al., 
2007), air exposure (Chen et al., 2007b; Malagoli et al., 2007; Malham et al., 2002), 
seawater pH (Bibby et al., 2008), hypoxia (Cheng et al., 2004e) and anoxia (Matozzo et 
al., 2005; Pampanin et al., 2002), as well as changes in concentrations of ammonia 
(Cheng et al., 2004a) and nitrite (Cheng et al., 2004b) have been shown to reduce 
phagocytic activity significantly. Additionally, phagocytic activity is significantly 
reduced by a number of anthropogenically-induced stressors, such as mechanical 
disturbance related to aquaculture (Ballarin et al., 2003; Lacoste et al., 2002; Malagoli 
et al., 2007) and pollution, via contaminants such as butyltins (Bouchard et al., 1999), 
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polyaromatic hydrocarbons (Wootton et al., 2003), pesticides (Gagnaire et al., 2006b) 
and metals including; lead (Coteur et al., 2005a), cadmium (Bouilly et al., 2006), copper 
(Parry and Pipe, 2004; Pipe et al., 1999) mercuric chloride (HgCl2) and methylmercury 
chloride (CH3HgCl) (Fournier et al., 2001).   
 Whilst phagocytic activity is shown to be sensitive to both natural and 
anthropogenically induced environmental change, this immune parameter also 
demonstrates natural seasonal variation caused by alterations in organism physiology. 
Duchemni et al. (2007) showed that the lowest phagocytic activity occurred during late 
spring spawning in the Pacific oyster, Crassostrea gigas, whilst maximum activity 
occurred in autumn. Furthermore, this study noted uneven variation in this immune 
parameter between males and females during ongoing gametogenesis and, when 
phagocytic activity was compared in diploid and triploid individuals, the immune 
response in triploids seemed to be less sensitive to environmental changes than in 
diploids. Therefore as highlighted by this study, understanding seasonal variability of 
the immune response, and variation in the response of males and females in a given 
population, is an area of invertebrate immunology that requires significant investigation 
(Li et al., 2009a; Nahrgang et al., 2012).  
 Studying the impact of environmental stressors on the general immune response, 
as has been done in many studies to date, offers a vital step in understanding how 
organisms will be impacted by changing environmental conditions. Yet when assessed 
alone, a change in the immune response at a single time point/season assumes that an 
organisms provisioning in the immune response is fixed throughout the reproductive 
cycle and that environmental conditions do not fluctuate temporally. However given 
many environmental parameters, such as temperature and salinity, vary seasonally and 
given the immune response of an organism is affected by factors such as nutritional 
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status (Moret and Schmid-Hempel, 2000) and different reproductive provisioning 
between sexes (Zuk et al., 2004), understanding exactly how an organism will respond 
to environmental stress at different times seasonally is crucial to predict how 
environmental stress will affect organism disease resistance and impact population 
dynamics. 
 Measuring phagocytic activity serves as a commonly used proxy for 
immunocompetence (Hooper et al., 2007), with immunocompetence being the general 
capacity of the individual to mount an immune response (Schmid-Hempel, 2003). 
However, demonstrating a change in phagocytic activity in isolation fails to show the 
mechanisms by which this immune parameter is impacted and indeed, this approach 
fails to account for any further possible cellular immune dysfunction that would go 
unnoticed if the apparent ability of haemocytes to engulf bacteria remained unaffected. 
Therefore, in measuring a number of additional haemocyte parameters, such as changes 
in the abundance (e.g. Parry and Pipe, 2004), morphology (e.g. Gagnaire et al., 2003) or 
viability (e.g. Gagnaire et al., 2004) of haemocytes, investigators are able to understand 
the processes involved in phagocytosis that are specifically affected by environmental 
stressors. Consequently, studies are able to demonstrate subtle differences in the 
response of phagocytic activity and overall cellular immunity that may go unnoticed if 
phagocytic activity was the only endpoint measured. 
 Whilst an increase in phagocytic activity might indicate an increase in the 
activity of the haemocytes themselves, it is also entirely possible that this increase could 
be caused by an alteration in haemocyte proliferation, with the increase just an indirect 
effect of increased haemocyte numbers. Therefore, in measuring total cell counts 
(THC), it is possible to demonstrate a change in the number of haemocytes in context 
with changes in other cellular immunological measures. In investigating the effect of 
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both a pathogen and temperature stress on the Caribbean fan  coral, Gorgonia ventalina, 
Mydlarz et al. (2008) demonstrated that an Aspergillus sydowii infection led to a 
localised increase in the number of amoebocytes in tissue closest to the infection, 
amoebocytes being phagocytically active cells in gorgonian corals (Olano and Bigger, 
2000), whereas an increase in temperature from 27°C – 29 °C to 31.5 °C for 8 days led 
to a systemic and spatially homogenous increase in amoebocyte numbers throughout 
undamaged coral tissue. Temperature was also shown to significantly affect THC in the 
Pacific whiteleg shrimp, Litopenaeus (=Penaeus) vannamei (Pan et al., 2008). 
Individuals maintained at lower temperatures (18 °C and 21 °C) compared to the 
controls (maintained at 24 °C) demonstrated a sustained reduction in THC for the entire 
12 day experiment, whilst shrimp maintained in higher temperatures (27 °C and 30 °C) 
decreased THC during the first 3 days of the 12 day exposure, after which THC returned 
to levels comparable to those in the controls. The ability of the number of circulating 
haemocytes to recover after exposure to higher temperatures, as was noted by Pan et al. 
(2008), has also been demonstrated by a number of other investigators, where THC has 
been shown to recover either during or after an exposure to a number of environmental 
stressors. Lorenzon et al. (2001) demonstrated an exposure to trace metal 
contamination, including Hg2+, Cd2+, Cu2+, Cr6+, Zn2+ and Pb2+,  in the glass prawn, 
Palaemon elegans led to a decrease in THC during the first 8 h of contaminant 
exposure, however after a 16 h immersion haemocyte numbers returned to levels noted 
prior to the investigation. Furthermore, whilst THC failed to stabilise and return to 
levels noted in control individuals in the blue swimmer crab, Portunus pelagicus, during 
a 48 h sub-lethal exposure to elevated ammonia-N, Romano and Zeng (2010) showed 
that the number of haemocytes was able to recover to levels noted in control individuals 
after 84 h of recovery post exposure. In considering the ability of immune parameters to 
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recover either immediately after an exposure to an environmental stressor, or in some 
instances during the stressor exposure period, it is vital to account for the duration of an 
exposure to an environmental stressor and the stage of exposure at which the immune 
system is investigated. 
 Pipe et al. (1999) proposed migration of haemocytes from tissues to the 
haemolymph as the principle mechanism to increase haemolymph cell counts, and in 
doing so demonstrated the ability of copper concentration to alter total numbers of 
circulating haemocytes within the blue mussel, Mytilus edulis. Additionally, alongside 
measuring total number of circulating haemocytes, this study also measured the 
differential cell count (DHC), in this case being the proportion of eosinophilic and 
basophilic cells. After a 7-day exposure at copper concentrations of 0.02 and 0.05 mg l-
1
, total haemocyte count significantly increased, with DHC remaining unaffected. 
However, at copper concentrations of 0.2 and 0.5 mg l-1 this result was reversed with no 
significant impact of the copper on total cell counts, compared with controls, yet the 
proportion of differential haemocytes was significantly affected; eosinophils decreasing 
and basophils increasing compared with the controls. Furthermore, phagocytic activity 
was only significantly affected by a copper concentration of 0.2 mg l-1, with other 
concentrations (0.02, 0.05 and 0.5 mg l-1) failing to impact mussel phagocytic activity 
significantly. This study therefore highlights the different possible effects of just one 
contaminant on various haemocyte parameters that would have been missed if 
phagocytic activity had been measured in isolation.  
 With different haemocyte subpopulations undertaking different functions with 
respect to immune defence, an alteration in the proportion of different haemocyte 
subgroups could potentially have significant effects on differential immune functions 
and the overall immunocompetence of the organism concerned. This is highlighted by 
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Mercier et al. (2009) who suggest a change in the proportion of hyalinocytes to be a 
possible mechanism for the increased clotting time demonstrated in the Pacific whiteleg 
shrimp, Litopenaeus (=Penaeus) vannamei 1 h after exposure to a handling stress. 
 To further elucidate the way in which environmental stressors affect 
haemocytes, Oweson et al. (2010) investigated the effect of manganese and hypoxia on 
the proliferation of haematopoietic cells and the number of circulating immune cells 
(coelomocytes in echinoderms) in the starfish, Asterias rubens, together with measuring 
the composition of coelomocyte sub-populations. Manganese contamination had 
previously been shown to reduce the number of circulating haemocytes in the Norway 
lobster, Nephrops norvegicus (Hernroth et al., 2004; Oweson et al., 2006) and the blue 
mussel, Mytilus edulis (Oweson and Hernroth, 2009),  yet increase coelomocyte 
numbers in Asterias rubens (Oweson et al., 2008). Whilst Oweson et al. (2010) also 
showed manganese to increase number of coelomocytes, proliferation of haematopoietic 
cells and the number of dividing cells in the coelomic epithelium, believed to be the 
main tissue for renewal of coelomocytes in Asterias rubens (Holm et al., 2008), this 
study failed to show any effect of hypoxia on coelomocyte numbers or cell 
proliferation. This reflects results from previous studies on Asterias rubens that found 
the numbers of circulating coelomocytes to be unchanged by other physical stressors 
including temperature and salinity (Coteur et al., 2004).  
 Whilst Pipe et al. (1999) measured DHC by investigating the different staining 
characteristics of mussel haemocytes, separation of Asterias coelomocytes by 
conventional methods does not allow reliable identification of coelomocyte sub-
populations (Oweson et al., 2010). Therefore to identify the impact of manganese and 
hypoxia on the DHC in Asterias rubens Oweson et al. (2010) additionally measured 
ArRunt mRNA expression. ArRunt is a runt-related transcription factor expressed in the 
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coelomocytes and coelomic epithelium of Asterias rubens, with runt-related 
transcription factors playing a major role in the differentiation of specific blood cell 
lineages in vertebrates and invertebrates (Oweson et al., 2010). Runt factors are 
evolutionarily conserved and have been shown to carry out various functions, which 
alongside cell differentiation also include regulating cell proliferation and maintenance 
of stem cells, with their roles often differing between developmental stages (Braun and 
Woollard, 2009). However, in finding no relation between elevated ArRunt mRNA 
expression and either elevated coelomocyte numbers or cell proliferation in Asterias 
rubens, Oweson et al. (2010) suggest this transcription factor plays an important role in 
cell differentiation. Therefore in demonstrating that hypoxia but not manganese 
exposure stimulated ArRunt expression, these authors propose that the adjustment in the 
composition of coelomocyte subpopulations possibly compensates for the increased 
demand on gas exchange under hypoxic conditions (Oweson et al., 2010).  
 In exposing the lagoon cockle, Cerastoderma glaucum to the xenoestrogen, 4-
nonylphenol (NP), Matozzo et al. (2008) showed this endocrine-disrupting chemical  to 
affect haemocyte population distribution, with a 7 day exposure to 0.1 mg l-1 NP 
increasing the THC of cockles compared to control organisms. Furthermore, in 
measuring the haemocyte size frequency distribution, through the use of a coulter 
counter, these authors showed that after a 7 day exposure to NP, at a concentration of  
0.1 mg l-1, the haemocyte fraction measuring 7-8 µm in diameter (250 femtolitres in 
volume) significantly increased in exposed cockles compared to controls (Matozzo et 
al., 2008). However, whilst NP is shown to significantly impact haemocyte numbers 
and size frequency distribution, there is a need for experimental studies that measure the 
impact of chemical pollutants to avoid the masking of mechanisms of specific 
immunotoxic versus non-specific systemic toxicity.  For example, understanding the 
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maximum tolerated concentration of a toxicant will help distinguish between specific 
immunotoxic effects versus gross physiological stress or systemic toxicity (Hutchinson 
et al., 2009). 
 Brousseau et al. (2000) measured the impact of a number of different trace metal 
contaminants, including cadmium chloride (CdCl2), zinc chloride (ZnCl2), mercuric 
chloride (HgCl2), methyl mercury chloride (CH3HgCl) and silver nitrate (AgNO3), on 
phagocytic disturbance in the soft shelled clam, Mya arenaria together with haemocyte 
viability, at a range of metal concentrations (10-9 – 10-3 M). In measuring phagocytic 
activity using flow cytometry, these authors showed that a low dose exposure (10-9 or 
10-8 M for 18 h) of 4 out of the 5 trace metals tested, induced a stimulation of 
phagocytic activity, yet cell viability remained unaffected. At greater concentrations of 
three of the contaminants (methyl mercury at 10-6 and 10-5 M, mercuric chloride at 10-5 
M and silver nitrate at 10-4 M), phagocytic activity was significantly impaired yet there 
was no cytotoxic impact of these metals and again no reduction of cell viability at these 
contaminant concentrations. However, exposure to 10-4 M of both cadmium and zinc 
resulted in a notable reduction in phagocytic activity attributed to a marked cytotoxic 
impact of these two contaminants, leading to a reduced cell viability of haemocytes. If 
Brousseau et al. (2000) had measured phagocytic activity in isolation, the contaminant 
dose at which trace metal contamination impaired phagocytic activity would still have 
been correctly presented. However, this approach may have resulted in the reduced 
phagocytic activity, noted with an exposure to methyl mercury at 10-6 and 10-5 M, 
mercuric chloride at 10-5 M and silver nitrate at 10-4 M, being attributed to a 
cytotoxicity of trace metal contamination, masking the true nature of the way in which 
these metals impact the immune system of the clams. Therefore, by measuring cell 
viability concurrently, the authors were able to attribute trace metal cytotoxicity 
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specifically to cadmium and zinc concentrations of 10-4 M.  
 In a study investigating the haemocyte condition of the Pacific whiteleg shrimp, 
Litopenaeus (=Penaeus) vannamei, Costa et al. (2009a) measured the percentage of 
apoptotic haemocytes in shrimp naturally infected with myonecrosis virus (IMNV), 
during different stages of the infection. Apoptosis plays an important role during viral 
infection in shrimp (Flegel, 2007), inducing early cell death of the host cell to limit or 
inhibit viral replication (Costa et al., 2009a). Therefore, in measuring the percentage of 
apoptotic cells, alongside THC and DHC, Costa et al. (2009a) were able to demonstrate 
the impact of IMNV on the cellular immune response of Litopenaeus vannamei during 
infection. In asymptomatic infected shrimp and shrimp showing initial signs of infection 
there appeared to be no impact of IMNV on the immune response, with the shrimp 
immune system seemingly failing to detect the virus. However, in shrimp at an 
advanced stage of infection, a reduction in THC of 30 % was demonstrated compared to 
the earlier stages of infection, alongside a reduction in the percentage of circulating 
granulocytes (7 %) and an increase in apoptotic haemocytes (8-fold). This failure of 
Litopenaeus vannamei to detect the IMNV before advanced stages of the virus, at which 
point shrimp recovery is unlikely due to the serious damage of shrimp tissues (Costa et 
al., 2009a), indicates the complex nature in which host-pathogen interactions manifest. 
Such studies indicate the vital need to investigate many aspects of the immune system 
simultaneously to fully understand the mechanisms by which stressors impact the 
immune system and affect host-pathogen relationships, and additionally account for the 
dynamic nature in which a host organism detects and interacts with a pathogen. 
 Parry and Pipe (2004) demonstrated the impact of a combination of stressors on 
phagocytic activity, total number of circulating haemocytes and differential haemocyte 
counts. The study exposed the blue mussel, Mytilus edulis to copper concentrations of 
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0.02 and 0.05 mg l-1 for 7 days. However, as well as investigating the impact of the 
metal contamination this study additionally investigated the interactive impact of 
temperature and pathogen stressors. Mussels were held at either 10 or 15 ºC and, after 
the initial 7 day copper exposure, were exposed to the pathogen, Vibrio tubiashii for a 
further 3 days. Temperature was shown to significantly impact phagocytic activity, 
having increased at 15 ºC compared to 10 ºC, a result also noted in THC with mussels at 
10 ºC having lower numbers of circulating haemocytes than at 15 ºC, however 
temperature did not affect DHC. Mussels exposed to 0.02 mg l-1 copper also 
demonstrated increased levels of phagocytic activity and an increased THC compared to 
controls, yet the percentage of circulating basophils decreased compared to controls. 
Mussels exposed to a copper concentration of 0.05 mg l-1, however, demonstrated a 
significantly reduced phagocytic activity when compared with controls matched by a 
decreased THC and an increase in the percentage of circulating basophils. Copper was 
also shown to interact with the pathogen stressor, with mussels exposed to 0.02 mg l-1 
and Vibrio demonstrating the highest noted phagocytic activity and THC, and mussels 
exposed to 0.05 mg l-1 and Vibrio demonstrating the lowest noted phagocytic activity. 
Whilst both temperature and copper concentration were shown to impact phagocytic 
activity individually, the most striking result of this study is the interactive effect of all 
three stressors, highlighting the complex nature of the impact of environmental stressors 
on the immune response. Mussels exposed to copper at 0.02 mg l-1 and Vibrio at 15 ºC 
had a significantly higher level of phagocytosis and a higher THC than mussels exposed 
to any other treatment, at either temperature. In  nature, stressors seldom occur in 
isolation and in highlighting the complex nature by which just three stressors can 
interact to impact just one aspect of an organism’s immune response, Pipe and Parry 
(2004) emphasized the need to investigate a wider array of environmental stressors and 
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a greater number of stressors in combination. 
 In addition to phagocytosis of foreign particles, haemocytes are able to secrete 
soluble antimicrobial peptides (AMPs) and other cytotoxic substances into the 
haemolymph (Mitta et al., 2000a). Together with other non-specific humoral defence 
molecules, including agglutinins, opsonizing lectins, bactericidins, lysozymes and 
serine proteases (Roch, 1999), these comprise the humoral component of invertebrate 
immunity. Measuring humoral immunity offers a further insight into the impact of 
stressors on haemocyte functionality, associated with an organism’s 
immunocompetence. 
 
1.3. HUMORAL IMMUNITY 
 
Humoral defence molecules effect bacterial killing by opsonising and/or agglutinating 
an invader and by neutralizing the pathogen, either causing lysis or causing the 
disruption of metabolism, cell wall binding, cell membrane permeability or growth 
inhibition (Smith et al., 1995). The suite of antimicrobial molecules, together with the 
site of both production and storage of these molecules is species, tissue and even cell 
specific (Mitta et al., 2000b). Invertebrate humoral investigation therefore investigates 
the production of these antimicrobial factors, which include superoxides, lectins, 
microbicidal pigments and AMPs, as well as their storage, secretion and release 
pathways.  
 Within humoral immunological investigation, over the past decade, there has 
been an increasing understanding of the genetic control of the humoral immune 
response. The development and application of novel genetic and proteomic techniques, 
which demonstrate changes in gene expression and function of innate immune response 
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components, has led to the production of a new and potentially distinct field of research 
when considered alongside traditional humoral techniques; the study of AMP 
expression and production.  
  
1.3.1  Haemolymph cytotoxicity and the respiratory burst 
 
Traditionally humoral immunological investigation has studied haemocyte 
functionality, measuring the ability of haemocytes to produce antimicrobial molecules, 
as well as the release of these molecules and their ability to kill bacteria. To this end 
studies investigating humoral immunity often adopt one of three methodologies; i) 
investigating the functionality of haemocytes themselves, ii) measuring the 
antimicrobial activity of cell-free haemolymph by separating the cellular and cell-free 
fractions and studying each independently or, iii) studying the haemolymph containing 
both the cellular and cell-free fractions simultaneously.  
Measuring the cellular fraction of haemolymph independently allows investigation of 
any change in haemocyte functionality, and specifically the ability of haemocytes to 
produce antimicrobial factors, associated with an alteration in environmental conditions. 
In measuring haemocyte reactive oxygen intermediate (ROI) production and enzyme 
activity any stressor-induced change in haemocyte mediated bactericidal activity can be 
empirically investigated.  
 Measuring the production of ROIs, using either chemiluminescence or 
fluorescence, allows researchers to study the respiratory burst associated with 
phagocytosis and assess how the oxidative killing of bacteria is impacted by 
environmental stressors. In assessing the production of ROIs via luminol-enhanced 
chemiluminescence, a method which mainly measures peroxidases produced both 
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internally and externally by amoebocytes (Coteur et al., 2002),  Coteur et al. (2004) 
demonstrated the ability of both an increase in temperature and salinity to decrease ROI 
production in the common starfish Asterias rubens. Conversely, Hégaret et al. (2003) 
measured the production of reactive oxidative species (ROS) in the American cup 
oyster, Crassostrea virginica by measuring a change in fluorescence. Fluorescence, in 
this case was induced by adding 2’,7’-dichlorofluorescein diacetate (DCFH-DA) to the 
haemolymph sample. DCFH-DA diffuses into the cells where it is hydrolysed and 
subsequently oxidised by ROS production to form 2’,7’-dichlorofluorescein (DCF), a 
highly fluorescent probe, which is then measured using flow cytometry. Whilst in this 
study Hégaret et al. (2003) showed that a sudden temperature elevation failed to 
significantly alter oyster ROS production, in A. rubens an exposure to cadmium has 
been shown to increase the production of ROS under laboratory and field conditions 
(Coteur et al., 2003, 2005b). By studying the impact of cadmium exposure under field 
conditions,  Coteur et al. (2003) demonstrated the triphasic nature in which an 
environmental stressor impacts the immune response. Initially, stressors act via short-
term direct inhibition of the immune response followed by immune recovery due to 
induction of protective mechanisms. After this, animal physiology is impacted globally 
due to the overwhelming of protective measures leading to the onset of durable and 
indirect stimulation of the immune response. The stage of impact of an environmental 
stressor will therefore depend on two factors, the duration of stressor exposure and the 
condition of the organism which ultimately dictates its ability to maintain successful 
protective mechanisms. Therefore, accounting for latent effects of natural stressors in 
organisms studied both in the wild, and wild-collected animals for laboratory study, is 
vital to fully understand possible impacts of experimentally applied stressors on 
immune function. 
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 In measuring a change in chemiluminescence or fluorescence, investigators 
demonstrate a change in overall haemocyte ROI production. However, within marine 
invertebrate immunology the most widely used technique to investigate the ability of 
haemocytes to produce ROIs is to measure a specific reactive oxidative species, such as 
superoxide anion (O2-)  production, rather than a suite of ROIs. Superoxide anion 
production can be measured both as an extracellular kinetic assay through the reduction 
of cytochrome-C or alternatively as an intracellular end point assay with the reduction 
of  nitroblue tetrazolium, NBT, (Pipe et al., 1995a). Of the marine invertebrates 
investigated the bivalve molluscs have received the vast majority of attention with 
respect to ROI production with studies investigating this immune parameter in the 
American cup oyster, Crassostrea  virginica  (Anderson et al., 1998; Boyd and Burnett, 
1999; Fisher et al., 2000; Hégaret et al., 2003; Oliver et al., 2001), the Pacific oyster, 
Crassostrea gigas  (Gagnaire et al., 2006a, b; Lacoste et al., 2002), the blue mussel  
Mytilus edulis  (Bibby et al., 2008; Parry and Pipe, 2004; Pipe et al., 1999; Wootton et 
al., 2003),  the Zhinkong scallop, Chlamys farreri (Chen et al. 2007a, b), the Taiwan 
abalone Haliotis diversicolor supertexta (Cheng et al., 2004a, b, c, d, e), the surf clam, 
Mactra veneriformis (Yu et al., 2010), the striped venus clam, Chamelea gallina 
(Monari et al., 2005, 2007) and the lagoon  cockle, Cerastoderma glaucum  (Matozzo et 
al., 2008). In investigating the impact of anoxic stress induced by air exposure in the 
surf clam, Mactra veneriformis, Yu et al. (2010) noted a significant reduction in the 
production of superoxide anions as measured through a decreased reduction of NBT 
after a 24 h air exposure. Furthermore, after an initial 24 h recovery in seawater, clam 
ROS production returned to levels noted pre-exposure. However, after a 48 h or 72 h air 
exposure, superoxide anion production was unable to recover even when returned to 
seawater for 24 h.  
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 Whilst the majority of studies that have specifically measured superoxide anion 
production do so in bivalve molluscs, a number of authors have also employed these 
techniques to investigate ROS production in other phyla. In the Indian spiny lobster, 
Panulirus homarus, superoxide anion production was significantly reduced by both a 
reduction and an increase in salinity compared to controls after a 7 day exposure 
(Verghese et al., 2007). Additionally a natural infection with IMNV was demonstrated 
to cause a 50 % increase in superoxide anion production in the Pacific whiteleg shrimp 
Litopenaeus (=Penaeus) vannamei, although only at an advanced stage of the infection 
when recovery was  unlikely (Costa et al., 2009a). Exposure to a number of 
immunostimulants has also been shown to increase ROS production in the Japanese 
common sea cucumber, Apostichopus japonicus (Gu et al., 2010). Immunostimulants 
have been suggested as an effective mechanism to increase disease resistance and 
immunocompetence, and therefore reduce mortality, during aquaculture (Sakai, 1999). 
Therefore, investigating the ability of these compounds to stimulate the immune 
response offers an alternative method to the expensive use of antibiotics and other 
chemicals which often have an additional unwanted risk through environmental 
contamination (Gräslund and Bengtsson, 2001). In using pathogen-associated molecular 
patterns (PAMPs) as immunostimulants,  such as β-glucan (a homopolysaccharide 
found in cell walls), CpG DNA (a nucleic acid motif) and Mannan oligosaccharides 
(MOS; yeast wall constituents), Gu et al. (2010) showed superoxide anion production to 
be increased. This increase in ROS production occurred 1 h and 3 h after exposure to β-
glucan (5, 25 and 100 µg ml-1), 1 h, 3 h and 6 h after exposure to CpG DNA (2.5 µM) 
and 6 h and 12 h after exposure to MOS (40 and 80 µg ml-1), after which superoxide 
anion production returned to control levels despite a continued immunostimulant 
exposure for 24 h. 
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 Nitric oxide (NO) is a short-lived radical, generated by nitric oxide synthases 
(NOS), which, like the superoxide anion, plays an important role in the elimination of 
pathogens as part of the innate immune response (Rodríguez-Ramos et al., 2010). NO is 
not toxic itself, playing an important role as a signal molecule throughout the animal 
kingdom (Colasanti et al., 2010), but together with superoxide anions it forms 
peroxynitrile anion (ONOO-) which is a highly toxic compound with antibacterial and 
antiviral activity (Beckman and Koppenol, 1996; Fang, 1997; Fuji et al., 1999; Roch, 
1999). In demonstrating a significant increase in the production of NO in the 
Mediterranean mussel, Mytilus galloprovincialis, exposed to Micrococcus lysodeikticus 
and Vibrio anguillarum, Costa et al. (2009c) showed NO to be both an important, and 
inducible, factor in the invertebrate immune response. Additionally NO, through the 
bystander response, has been shown to be involved in the host defence in sponges 
challenged with xenobiotica and attacking microorganisms (Colasanti et al., 2010; 
Muller et al., 2006). An exposure to β-glucan has been shown to induce an up-
regulation in the production of NO in the carpet shell clam, Ruditapes decussates, and 
in the Mediterranean mussel Mytilus galloprovincialis (Costa et al., 2008). Furthermore, 
as well as demonstrating the ability to induce NO production, Rodrígues-Ramos et al. 
(2010) show the activity of nitric oxide synthase (NOS) and the expression of this gene 
can also be upregulated. When exposed in vitro to Escherichia coli O55:B5 
lipopolysaccharide (LPS), haemocytes of the Caribbean spiny lobster, Panulirus argus, 
increased both the activity of NOS and also NOS gene expression. 
 Alongside measuring ROI and NO production, by measuring the activity of a 
number of separate enzymes within haemocytes, such as NOS, the bactericidal activity 
of haemocytes can be further quantified. When studying enzyme activity, a number of 
investigators have concentrated on the activity of hydrolytic, lysosomal enzymes shown 
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to be involved with bactericidal killing including; acid phosphatase (e.g. Chen et al., 
2007a), β-glucuronidase (e.g. Ballarin et al., 2003; Pampanin et al., 2002), esterase (e.g. 
Gagnaire et al., 2003, 2004, 2006a, b), peroxidase (Couch et al., 2008; Mydlarz and 
Harvell, 2007), amino peptidase (e.g. Gagnaire et al., 2003, 2004), and lysozyme (e.g. 
Matozzo et al., 2007 ; Monari et al., 2007 ; Wang et al., 2008a, b).  
 Wootton et al. (2003) investigated the impact of the polycyclic aromatic 
hydrocarbon, phenanthrene, on the immune response of three bivalve species; the blue 
mussel, Mytilus edulis, the razor shell,  Ensis siliqua, and the common edible cockle, 
Cerastoderma edule. In demonstrating the differential effects of phenanthrene on the 
immune response of these three bivalve species, Wootton et al. (2003) concluded that 
one had to be cautious when using only one species as an indicator, or sentinel, for the 
likely immune response of an entire group or community. The razor shell, Ensis siliqua, 
showed no modulation in the percentage of haemocytes expressing non-specific esterase 
or acid phosphatase activity, while Mytilus edulis also demonstrated no significant 
change in non-specific esterase activity. However, acid phosphatase activity 
significantly increased after a 7-day incubation at contaminant concentrations of 50, 100 
and 200 µg l-1 with a significant decrease in acid phosphatase activity after 14 days at 
higher contaminant concentrations of 100, 200 and 400 µg l-1. Conversely, in 
Cerastoderma edule phenanthrene contamination significantly affected enzyme activity. 
Non-specific esterase activity decreased after a 7-day incubation at 400 µg l-1 with acid 
phosphatase activity significantly increasing at a concentration of 100 µg l-1 and 
significantly decreasing at a concentration of 400 µg l-1 after a 7-day incubation. In 
considering this result, and other immune parameter results, Wootton et al. (2003) 
highlighted the pressing need to investigate the impact of environmental stressors on the 
invertebrate immune system from within a wider group of organisms and from a 
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number of differing groups, families and phyla.  
 As well as measuring humoral immunity specifically within haemocytes and 
through haemocyte functioning, many authors have measured humoral immunity and 
more specifically the presence and activity of humoral antimicrobial components within 
the cell-free lysate, separating the cellular and cell free fractions of the haemolymph. It 
is possible to demonstrate the antimicrobial activity of invertebrate serum, as outlined 
by Smith et al. (1995), by measuring bacterial viability using a spread plate, scoring the 
percentage of colony forming units both before and after exposure to the test material. 
Yet this method does not elucidate the mechanism of bactericidal activity, merely 
showing a response due to direct killing (Smith et al., 1995). A method more commonly 
used investigates the lysozyme-like bactericidal activity of the cell-free haemolymph  
(Matozzo et al., 2005; Yu et al., 2010). Lysozyme is a lysosomal enzyme capable of 
hydrolyzing mucopolysaccharides (bacterial cell wall constituents) (Pipe, 1990b), 
therefore measuring its activity measures the ability of the cell-free haemolymph to 
undertake bactericidal killing, via the production and activity of hydrolytic enzymes. In 
exposing Micrococcus lysodeikticus to the mucus of the spiny starfish, Marthasterias 
glacialis using an agar diffusion lysozyme test, Stabili and Pagliara (2009)  noted the 
ability of zinc exposure, at a concentration of 5 mg l-1 for 48 h, to lower the lysozyme-
like activity of Marthasterias glacialis. Alterations in lysis diameter, being the diameter 
of cleared zones around wells of mucus on a Petri dish, were standardised against a 
known concentration of lysozyme from crystalline hen egg white (Stabili and Pagliara, 
2009). Whilst this study does not measure the antibacterial activity of organism 
haemolymph, it does demonstrate the true nature of mucus as a first line of host defence 
in species such as Marthasterias glacialis.  
 In exposing a log growth phase broth culture of a known bacterium to the 
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invertebrate serum and subsequently measuring the change in optical density of this 
culture over time, it is also possible to demonstrate the inhibition of bacterial growth 
using turbidometry. Alterations in optical density can then be quantified by 
standardising these values against a known concentration of lysozyme from crystalline 
hen egg white, as was done by Mattozzo et al. (2007) where an increase in salinity was 
shown to decrease lysozyme-like activity of cell-free haemolymph in the striped venus 
clam, Chamelea gallina.  
 A number of studies have also successfully measured bacterial growth inhibition 
in corals, demonstrating the antimicrobial activity of coral extracts via a change in 
optical density of a bacteria culture. Mydlarz et al. (2009), in testing the impact of 
yellow band disease (YBD) and bleaching on coral immune response in the 
mountainous star coral, Montastraea faveolata, noted a significant elevation in the 
antibacterial activity of coral extracts from both healthy and diseased tissue in corals 
infected with YBD compared to tissue from healthy corals. Interestingly however, coral 
extracts from bleached corals had the lowest noted antibacterial activity, possibly 
implicating the above average temperature and/or bleaching event in the depleted 
immune defence and subsequent spread of YBD in Montastraea favolata colonies 
(Mydlarz et al., 2009). Temperature was also shown to affect antifungal activity of coral 
extracts in the Caribbean sea fan coral, Gorgonia ventalina, interacting with an 
Aspergillus sydowii infection (Ward et al., 2007). In this study, antifungal activity was 
increased in all colonies inoculated with Aspergillus sydowii, with the greatest increase 
in extracts of coral fragments maintained at the warmest temperature. Whilst an increase 
in temperature and a bleaching event are suggested to have played a key role in the 
variation noted within the coral immune response by Mydlarz et al. (2009), Couch et al. 
(2008) also correlate site-specific environmental factors to an altered immune defence 
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in healthy, uninfected, Gorgonia ventalina. Whilst there was no correlation between 
previous disease prevalence, or severity, and any measured immune parameter, there 
was a relationship between antifungal activity and the percentage of bare substrate 
cover, with a low coral density possibly activating a change in antifungal activity, SOD 
activity and a change in exochitinase expression (Couch et al., 2008). 
 In studying the cell-free haemolymph it is also possible to measure the activity 
of numerous enzymes with respect to environmental perturbation. Bouilly et al. (2006) 
showed an increase in phenoloxidase like (PO-like) activity of the Pacific oyster, 
Crassostrea gigas when exposed to a cadmium concentration of  0.5 µg l-1 after an 
exposure of 66 days. This study found  no effect of cadmium on PO-like activity when 
compared with controls at lower concentrations or a shorter exposure duration.  In 
contrast, Verghese et al. (2007) showed PO activity to decrease in the Indian spiny 
lobster, Panulirus homarus in response to hypoxia, ammonia-N concentration and a 
change in pH. Together with a reduction in PO activity, environmental stressors have 
also been shown to alter the activity of the antioxidant enzyme superoxide dismutase 
(SOD). Increasing anoxia was shown to cause a decrease in SOD activity (Monari et al., 
2005), and an increase in temperature was shown to cause an increase in the activity of 
this enzyme (Monari et al., 2007), in cell-free haemolymph of the striped venus clam, 
Chamelea gallina. Conversely, Chen et al. (2007b) showed that while SOD activity was 
not affected by temperature stress in the Zhinkong scallop, Chlamys farreri, activity of 
the hydrolytic enzyme, acid phosphatase (ACP), decreased significantly with increasing 
temperature.  
 Whilst demonstrating a reduction in the activity of different hydrolytic enzymes 
shows a clear reduction in the bactericidal activity of the cell-free haemolymph, and a 
reduction in antioxidant enzyme activity shows a reduction in an organisms ability to 
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protect itself against the production of ROIs, the significance of a reduction in PO, or 
PO-like, activity for host defence remains uncertain for many invertebrate species 
(Coles and Pipe, 1994). Within many arthropod species PO is involved in melanisation 
and encapsulation of foreign bodies (Coles and Pipe, 1994), and also it is involved with 
the melanisation cascade (the prophenoloxidase or proPO activating system), recently 
shown to be intimately associated with the appearance of factors that aid phagocytosis 
by stimulating cellular defence (Cerenius et al., 2008). PO activity is shown to be 
involved in the susceptibility of the Sydney rock oyster, Saccostrea glomerata, to QX 
disease caused by the protozoan  Marteilia sydneyi  (Butt et al., 2006; Newton et al., 
2004; Peters and Raftos, 2003) and a reduction in PO activity has been suggested to 
compromise disease resistance in other bivalve species (Muñoz et al., 2006; Yu et al., 
2010). Furthermore, in the Caribbean sea fan coral, Gorgonia ventalina, PO activity is 
involved in melanisation and immune defence of the host in response to an Aspergillus 
sydowii infection (Mydlarz et al., 2008). However, much controversy and uncertainty 
still remains within the field as to the importance of PO for immune defence in non-
arthropod systems (Cerenius et al., 2008), but despite this PO activity is still often used 
as a measure of the immune response in studies investigating the impact of 
environmental stressors on the invertebrate immune system.  
 Costa et al. (2009a) demonstrated that PO activity was reduced in farm-reared 
Pacific whiteleg shrimp, Litopenaeus (=Penaeus) vannamei during late stages of an 
IMNV infection, and temperature was also shown to decrease PO activity, serine 
protease activity and proteinase inhibitor activity, in the same species (Pan et al., 2008), 
demonstrating an impact of temperature on the prophenoloxidase (proPO) system. 
However, whilst solid evidence exists for the role of the proPO system in arthropod 
immune defence, Cornet et al. (2009) suggest that caution is still needed when 
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measuring  immunocompetence using proPO activity in an arthropod system, as the 
activity of the proPO system was shown be an in-sufficient estimate of bacterial 
resistance at a population level in the freshwater amphipod, Gammarus pulex.  
 Whilst the studies described above investigate the activity of a number of 
separate enzymes with a range of functions within the cell-free haemolymph, a number 
of others have demonstrated the ability of environmental stressors to alter the enzymatic 
activity of total haemolymph, where both the cellular haemocyte fraction and the cell-
free serum fractions of the invertebrate haemolymph are investigated simultaneously 
(e.g. Hauton et al., 2000). Soudant et al. (2004) showed that the lysozyme-like activity 
in total haemolymph of the Manila clam, Venerupis (=Tapes or Ruditapes) 
philippinarum was affected by season (decreasing from Oct to Feb in a population from 
Marennes, France), also finding that the lysozyme-like activity varied with rearing site. 
Wang et al. (2008a) also show season to affect lysozyme activity, along with the 
activity of SOD, catalase (CAT) and myeloperoxidase (MPO) (all of which are involved 
in the detoxification of ROIs), in the Japanese common sea cucumber, Apostichopus 
japonics. The activity of these enzymes was changed significantly from July to October, 
caused by the induction of aestivation which is an indispensible state in sea cucumber 
life history induced by high temperature, causing major physiological and 
morphological changes that increase organism survival (Liu et al., 1996; Wang et al., 
2008a). However, alongside a physiological cause, a direct influence of temperature on 
A. japonicus immune enzyme activity should also be considered, as both acute 
temperature changes and changes in salinity have been shown to significantly alter 
lysozyme, SOD, CAT and MPO activity (Wang et al., 2008b). Hauton et al. (2000) also 
showed a decrease of lysozyme-like activity and demonstrated a decrease in hydrogen 
peroxide concentration (indicating a reduction in the respiratory burst and production of 
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this ROI), compared with controls, in total haemolymph of the European flat oyster, 
Ostrea edulis inoculated with Listonella anguillarum, and Paillard et al. (2004) showed 
that temperature and a pathogenic challenge altered the leucine aminopeptidase 
concentration in haemolymph from Venerupis philippinarum.  
 Although investigating the total haemolymph fraction allows the study of both 
intra- and extra- cellular presence of bactericidal activity simultaneously, providing a 
good overall measure of  humoral immunity, it does not allow the distinction to be made 
between stressors acting on the haemocytes themselves or acting on the release of 
antimicrobial factors into the haemolymph. Therefore, understanding how differences in 
the sampling methodology may impact experimental results within humoral 
immunology will allow a greater understanding of the mechanisms by which stressors 
are impacting haemocyte and humoral functionality. 
 
1.3.2 Antimicrobial peptides and immune genes– A change in expression and direction? 
 
Antimicrobial peptides (AMPs) are ubiquitous antibiotic defence agents, highly 
conserved throughout evolution, being present in all phyla (Bachére et al., 2004). They 
comprise one of the main humoral components of the innate immune system (Costa et 
al., 2009b) and recently their study has received increasing attention with over 1,200 
peptides having been characterized from within eukaryotes (Wang et al., 2009). These 
defence molecules have little or no functional specificity and possess a broad spectrum 
of antimicrobial activity, acting against Gram-positive and Gram-negative bacteria, 
fungi, yeast and in some instances viruses and protozoa (Bachére, 2003). These peptides 
possess an enormous sequence and structural diversity, with only a few shared 
characteristics which include their small size, cationic character and the presence of 30 
Chapter 1                                                                                                                        General Introduction 
- 30 - 
 
– 50 % hydrophobic residues (Hancock et al., 2006), thus enabling different groups of 
AMPs to demonstrate significantly different antimicrobial activities and modes of 
action (Muňoz et al., 2002).  
 Since their discovery in the cecropia silkmoth, Hyalophora cecropia (Steiner et 
al., 1981), at least 50 % of the inducible AMPs reported have been identified within 
invertebrates, mainly within insects (Bulet et al., 1999). Within marine invertebrates the 
expression and action of these defence molecules has predominantly been investigated 
in bivalve molluscs (mussels and oysters) and crustaceans (Bachére, 2003). However, 
with an increasing understanding of the importance of AMPs for invertebrate innate 
immunity, alongside the potential for their use in drug development (Li et al., 2008a), 
AMPs have now been discovered and characterised in many marine invertebrate phyla 
including the Echinodermata, Porifera, Annelida, Chelicerata, Chordata (Urochordata) 
and Cnidaria (Li et al., 2008a; Ovchinnikova et al., 2006).  
 Despite the growing level of interest that the investigation of AMPs has received 
within marine invertebrates, there is still a scarcity of studies in which these genetic and 
proteomic tools have been used to investigate the impact of environmental variability on 
invertebrate immunology, with many studies to date having focused on the discovery, 
characterization and regulation of AMPs (e.g. Gonzalez et al., 2007; Jung et al., 2009; 
Li et al., 2008a; Ovchinnikova et al., 2006). Yet due to the integral role of AMPs in the 
innate immune system, investigating genomic and proteomic expression of AMPs 
provides a unique opportunity to vastly advance current understanding in the field of 
ecological immunology, and specifically the impact of environmental stressors.  
 In investigating the impact of a temperature, physical and pathogen stress on the 
expression of MGD2, an AMP in the defensin family, in both the blue mussel, Mytilus 
edulis and the Mediterranean mussel, Mytilus galloprovincialis, Mitta et al. (2000a) 
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demonstrated the ability of multiple environmental stressors to impact AMP regulation. 
This study showed the expression of MGD2 increased when mussels were exposed to a 
physical shock or a heat shock, yet in contrast, expression was reduced when exposed to 
a bacterial challenge. Cellura el al. (2007) also demonstrated a down-regulation of AMP 
gene expression when Mytilus galloprovincialis were exposed to a heat-shock and 
several bacterial challenges. An exposure to Micrococcus lysodeikticus, was shown to 
significantly decrease defensin mRNA expression immediately after the challenge, 
however this decrease lasted less than 24 h. Exposure to Vibrio splendidus decreased 
the expression of mytilin and myticin mRNAs yet increased defensin expression, whilst 
exposure to Vibrio anguillarum increased mytilin expression. Heat-shock was also 
shown to increase myticin mRNA.  
 In undertaking a three year survey between 2005 and 2008, investigating the 
expression of AMPs in response to temperature, salinity and Escherichia coli tissue 
content, Li et al. (2009a) successfully demonstrated the seasonal variability of AMP 
expression. Temperature was shown to positively influence the regulation of defensin, 
and myticin B but failed to alter mytilin B, whereas salinity only affected defensin 
expression. Interestingly, given the role of AMPs in the innate immune response, E. coli 
tissue content failed to influence AMP expression in this study. In analysing these 
results in context with season therefore, defensin and myticin B appeared to be 
expressed to a greater extent in spring-summer compared to winter due to the decrease 
in temperature. However, these results need to be interpreted with caution due to the 
failure of this study to quantify the relationship between immune gene regulation and 
the measured environmental parameters despite their positive influence. Whilst the 
studies by Mitta et al. (2000a), Cellura el al. (2007) and Li et al. (2009a) offer only three 
examples in which AMP expression can be differentially altered by various 
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environmental stressors, they demonstrate how a variable environment can differentially 
change the genetic expression of an integral component of the innate immune system. 
Therefore, to increase our understanding of the extent to which environmental stressors 
alter the gene expression, structure and function of the immune response, a fundamental 
mechanism involved in organism survival (Lochmiller and Deerenberg, 2000), there is a 
need to investigate changes in AMP expression with response to a greater array of 
environmental stressors and across a wider range of organisms. 
 Furthering the investigation of AMP expression with respect to environmental 
perturbation, the investigation of the immune genome within marine invertebrates has 
received a rapidly increasing level of study. The development of new molecular 
methodologies has allowed the investigation of an enormous suite of immune genes, 
and more specifically enabled investigators to further elucidate which specific immune 
genes are important for the evolution of the immune response with respect to 
environmental variability and stress. Through the employment of novel molecular 
techniques such as quantitative real-time PCR (qRT-PCR) (e.g. Li et al., 2008b; Yang et 
al., 2010), cDNA microarray analysis (e.g. de la Vega et al., 2007b; Desalvo et al., 
2008; Place et al., 2008), transciptomics (e.g. De Zoysa et al., 2009; Philipp et al., 2012) 
and suppression subtractive hybridisation (SSH) (e.g. de la Vega et al., 2007a), the 
influence of a range of environmental stressors and the induction and expression of a 
wide range of immune genes is possible.  
 Philipp et al. (2012) demonstrated a complex immune gene repertoire within the 
blue mussel, Mytilus edulis, providing an unprecedented in-depth analysis of the mussel 
transcriptome. In highlighting a high number of innate immune recognition receptors 
and downstream pathway members, these authors demonstrate the sophisticated nature 
of the invertebrate innate immune system repertoire, which provides a novel insight in 
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to the phylogeny of the immune system  (Philipp et al., 2012). Tirapé et al. (2007) also 
demonstrated a complex expression of immune related gene, in this instance during 
ontogenesis of the Pacific oyster, Crassostrea gigas. In measuring the expression 
patterns of 18 selected genes in the developing oysters, they demonstrated differential 
gene expression at separate developmental stages, increasing our understanding of the 
ontogeny of the oyster immune response during very early life cycle stages. This 
potentially explains the variability of susceptibility to infections noted during oyster 
development (Tirapé et al., 2007). Additionally, by exposing the developing oysters to a 
bacterial challenge this study demonstrated the ability of gene expression to be altered 
not only by developmental stage but also by the timing of the bacterial challenge and 
also by the amount of bacteria used for the challenge.  Yang et al. (2010) also 
investigated the expression of immune-related genes in embryos and larvae of a marine 
invertebrate. In studying the Japanese sea cucumber, Apostichopus japonicus, these 
authors  demonstrated further evidence for the up-regulation of immune gene expression 
in larvae, exposing larval A. japonicus to a lipopolysaccharide challenge (Yang et al., 
2010). By furthering the understanding of immune response ontogenesis within 
Crassostrea gigas and Apostichopus japonicus the studies by Tirapé et al. (2007) and 
Yang et al. (2010) demonstrated the importance of understanding the natural variation 
noted within marine invertebrate immune response during different life cycle stages. 
Whilst these studies only investigated the very early life cycle stages of these species, 
the changes in gene expression and differences noted in the ability of a bacterial 
challenge to alter gene expression at different developmental stages highlighted the 
importance of life cycle stage in understanding the invertebrate immune response. 
Therefore, investigating the impact of a variable environment together with the 
difference in gene expression during immune system ontogenesis may help to highlight 
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and explain any noted increase in disease susceptibility during the early life cycle stages 
of marine invertebrates. This will in turn help to outline tipping points and potential 
thresholds for the survival of developing marine invertebrates exposed to environmental 
stressors and anthropogenically induced climate change (Luna-Acosta et al., 2012). 
 
1.4. DISEASE RESISTANCE AND MORTALITY 
 
Our increased understanding of the immune system and of its separate components has 
fed a tendency to then use the separate components as a proxy for overall immunity or 
immunocompetence  (Viney et al., 2005). However, as has been demonstrated above 
(Sect. 1.2 and 1.3), whilst this approach offers an accurate measure of the impact of 
stressors on the separate immune parameters, the perceived level of stress-induced 
immune dysfunction will be wholly dependent upon which parameters are chosen as the 
immunocompetence proxy. Consequently, this approach alone does not directly address 
an actual change in overall susceptibility to a pathogenic insult. By measuring a change 
in host susceptibility, disease prevalence and both the onset, and overall mortality 
caused by a pathogen during or after exposure to a stressor, the functional capacity of 
the immune system can be quantified. Such quantification is crucial to our 
understanding of the ecological impact of environmental stressors on the immune 
response of marine invertebrates (Morley, 2010; Viney et al., 2005). Linking an 
alteration in immunocompetence to an organism’s susceptibility to a pathogen offers the 
greatest opportunity to measure the reduction in immune functional capacity, and a 
reduction in organism fitness (Viney et al., 2005). However, investigating the impact of 
stressors in the presence of a pathogen and measuring disease resistance has attracted 
significantly less attention than the measure of either cellular or humoral immune 
Chapter 1                                                                                                                        General Introduction 
- 35 - 
 
parameters alone. This may be due, in part, to the practical challenges involved in 
developing reliable experimental models for infection studies (Le Moullac and Haffner, 
2000).  
 Naturally in the marine environment, a host organisms’ exposure to a pathogen 
will be wholly dependent upon a number of overriding factors that will influence the 
number of viable and virulent bacteria the host is exposed to. These include the 
heterogeneity of pathogen abundance within the environment, bacterial survival and 
virulence under changing environmental conditions, levels of other competing bacteria 
in the environment and physical variables in the marine environment such as tides and 
water currents which will affect bacterial distribution. Whilst all these influences 
combine to increase the variability of the level of bacteria a host organism is naturally 
exposed to, experimentally this natural variability is significantly reduced and an equal 
exposure level is desired to successfully investigate the effect of experimental 
conditions on the host immune defence. To achieve an equal bacteria exposure 
experimentally, a method commonly employed exposes a host organism to a known 
number of pathogenic bacteria directly, through an injection of a set volume and 
abundance of bacteria into the host’s internal tissues (e.g. Hauton et al., 2007). Whilst 
this method ensures an even level of bacterial exposure, which is required for an 
experimental approach, it also highlights the limitations inherent in an experimental 
pathogen exposure. Bacterial exposure brought about by an injection removes the 
natural variability of pathogen distribution and survival in a natural environmental 
setting. Additionally, this method bypasses the first line of defence offered in a host 
organism, being the defence offered by an intact epithelium or exoskeleton. Whilst 
removing this natural variability is unavoidable, it is also necessary to truly elucidate 
the impact of environmental stressors on the host’s immune defence, and ensure that it 
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is not a general change in host-pathogen interactions which could be due to a change in 
any number of physiological or behavioural mechanisms in the host, or the pathogen. 
Therefore, whilst there is a vital need to experimentally expose organisms to a realized 
pathogenic threat, it is crucial to understand the limitations that are inherent with current 
experimental infection models when comparing to a natural system. 
 In studying an alteration in overall immunocompetence and a reduction in 
disease resistance, one method currently used to demonstrate a change in pathogenic 
resistance is to measure an organism’s clearance efficiency to a realized pathogenic 
challenge. In studying clearance efficiency, Oweson and Hernroth (2009) investigated 
the impact of trace metal contamination, in this case manganese exposure, on the 
bactericidal response of the  starfish, Asterias rubens, the blue mussel, Mytilus edulis, 
and the Norway lobster, Nephrops norvegicus. In studying the antibacterial activity of 
these three species, measured via the clearance capacity when inoculated with Vibrio 
parahaemolyticus and subsequently counting the remaining viable bacteria, this study 
showed manganese contamination (15 mg l-1 for 5 d) had no effect on the bactericidal 
activity of A. rubens haemolymph or digestive tissue. In M. edulis however, the 
bactericidal activity of haemolymph was significantly lower in animals exposed to 
manganese contamination 8 h after inoculation with V. parahaemolyticus, yet 24 h after 
bacterial exposure, the number of bacteria remaining in the mussel  haemolymph had 
reduced significantly and there was no difference between manganese exposed or 
control animals. In mussel digestive tissue, the mean number of remaining viable 
bacteria was significantly higher in manganese exposed mussels, 24 h after bacterial 
injection, compared to control organisms, and this significant difference remained 48 h 
after bacteria were injected. Similarly to A. rubens, there was no significant impact of 
manganese on the number of viable bacteria in the blood of N. norvegicus, however 
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manganese significantly reduced the bactericidal impact of N. norvegicus digestive 
tissue. There was a higher number of remaining bacteria in manganese contaminated 
individuals after just 8 h post-injection, compared to controls, and this significant 
difference lasted over 48 h after injection. Therefore, in measuring clearance efficiency 
there is again a need to account for species differences in the impact of stressors and 
how stressors impact immune dysfunction and overall disease resistance. 
 In transplanting the blue mussel, Mytilus edulis from what was perceived to be a 
contaminated site, where mussel general  immunity was depressed, to what was 
perceived to be a relatively clean site, Mayrand et al. (2005) tested the impact of 
contamination on bactericidal activity of mussel haemolymph  measured by clearance 
efficiency. Additionally however, this study investigated the recovery potential of the 
invertebrate immune system. In comparing a wide set of mussel immune parameters, 
the authors noted the ability of a number of these parameters, after the 9 day transplant, 
to recover in contaminated mussels towards a level seen in mussels originating from the 
clean site. Following this 9 day period mussels were then inoculated with a known 
pathogen, Listonella anguillarum. Mussel haemolymph was assessed 36 h later to 
quantify the remaining levels of viable bacteria. Those originating from the 
contaminated site expressed a higher bacterial count, thus meaning a reduction in their 
clearance efficiency and a suggestion that the functional recovery of the immune 
response in the transplanted mussels may not have been as complete as had been 
indicated by the measured parameters. 
 Whilst measuring clearance efficiency does successfully demonstrate a reduction 
in overall immunocompetence, the extent to which the population dynamics of the 
species may be impacted cannot be fully interpreted from this result, as an organism 
with higher levels of viable bacteria remaining in the haemolymph after a 36 h 
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inoculation may feasibly still survive and recover fully from the infection. St-Jean et al. 
(2002) found the clearance efficiency of  Mytilus edulis exposed to tributyltin (TBT) 
and dibutyltin (DBT), whilst lower in a dose dependant fashion compared with control 
individuals, was still able to show recovery with a reduction of bacterial levels in the 
haemolymph from 4 days post challenge up to 14 days post-challenge in all treatment 
groups. Therefore, accounting for possible recovery of the immune system and 
understanding the time scale a recovery could still feasibly occur over is both an 
interesting and critically important measure when assessing the impact of stressors. 
 To further the current understanding on the link between immune system and 
population biology, Cheng and colleagues (Cheng et al., 2004a, b, c, d, e) tested the 
impact of various environmental stressors by measuring the clearance efficiency 
together with the onset of mortality and the overall increase in cumulative mortality, in 
the Taiwan abalone, Haliotis diversicolor supertexta, exposed to Vibrio 
parahaemolyticus. In studies investigating the impact of elevated ammonia (Cheng et 
al., 2004a) and nitrite (Cheng et al., 2004b) concentrations, a significant reduction in 
clearance efficiency and an increase in cumulative mortality was demonstrated when 
individuals were exposed to both stressors, increasing the susceptibility of this abalone 
to a V. parahaemolyticus infection. Additionally, together with an increase in 
cumulative mortality, an increase in water temperature was shown to shorten the onset 
of mortality, with individuals transferred to 28 ºC or 32 ºC beginning to die after just 6 h 
compared to 12 h for individuals transferred to 20 ºC or  24 ºC (Cheng et al., 2004c). 
Hypoxia (Cheng et al., 2004e) and salinity (Cheng et al., 2004d) have also been shown 
to negatively impact the pathogenic susceptibility and subsequent survival of H. 
diversicolor supertexta, decreasing the clearance efficiency and the onset of mortality 
together with increasing the cumulative mortality in this species. 
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 In addition to measuring the impact of environmental stressors on the resistance 
of Haliotis diversicolor supertexta to a known pathogenic species, it is also possible to 
investigate whether a decrease in pathogenic resistance is attributable to an increased 
virulence in the bacteria. In measuring the impact of temperature on the susceptibility of 
the Taiwan abalone to either Vibrio alginolyticus H11 or to V. parahaemolyticus B4 
challenges, Lee et al. (2001) showed that this bivalve, when kept at higher temperatures, 
was more susceptible to the bacteria. However, by also measuring the susceptibility of 
H. diversicolor supertexta to the extracellular products (ECP) of both V. alginolyticus 
H11 and V. parahaemolyticus B4, this study demonstrated a reduced LD50 of ECP, with 
a lower dosage able to kill the abalone at higher temperatures. The reduced dosage of 
both bacterial cells and ECP able to affect killing in the abalone indicated a difference 
in virulence of these bacterial species at different temperatures, and also highlighted the 
role of temperature in mass mortality outbreaks of vibriosis associated with warm water 
exposure in this bivalve.  
 In their ability to alter bacterial virulence, environmental stressors further 
complicate host-pathogen interactions and the impact of stressors on host population 
biology. However, in investigating and attributing an alteration in host disease 
resistance to an increase in pathogen virulence, Lee et al. (2001) demonstrated the value 
of elucidating bacterial performance in an experimental system and how this may 
influence the perceived outcome of a study. Therefore, understanding pathogen 
dynamics allows the true understanding of whether environmental stress is impacting 
the host or pathogenic organism. 
 In all the studies discussed above, the authors have simultaneously attributed 
changes in the susceptibility and survival of the study organisms to both an 
environmental and a pathogenic stressor. However, in exposing individuals of the 
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Pacific oyster, Crassostrea gigas to the pathogen  Vibrio splendidus, followed by a 
mechanical stress three days later, Lacoste et al. (2001) demonstrated the ability of a 
stressor to modulate an organisms disease susceptibility to an already established 
pathogenic challenge. In showing an increase in the severity of infection, measured by 
an increase in both the pathogenic load and the cumulative mortality of the test oysters, 
compared with control organisms exposed to the pathogen and no mechanical stress, the 
authors demonstrated the ecological impact of an acute stressor on an already 
established infection. These results were supported by Anderson et al. (1998) in a study 
where the cumulative mortality of the American cup oyster, Crassostrea virginica, 
naturally infected by the protozoan parasite, Perkinsus marinus, increased when 
exposed to hypoxia when compared with untreated control oysters. This study also 
showed that an exposure to TBT failed to alter the species’ cumulative mortality yet 
when exposed simultaneously to hypoxia and TBT these stressors acted synergistically, 
significantly increasing the cumulative mortality of the oysters to a greater extent than 
the combined magnitude of either of the two stressors when tested in isolation. The 
results from Anderson et al. (1998) therefore highlight the need to study multiple 
stressors simultaneously, to allow the impact of complex stressor interactions to be 
elucidated.  
 Whilst a number of studies have shown the benefit and also demonstrated the 
potential pitfalls encountered when measuring disease resistance, the number of 
investigations that have actually studied a change in the susceptibility of a host to a 
pathogenic threat is still very low. Therefore, to fully understand the impact of 
environmental stress on organism disease resistance, and to understand what this will 
mean at an ecological scale, there is a need to investigate the response of a host 
organism to a realised pathogenic threat. 
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1.5. THE COST OF IMMUNITY – PHYSIOLOGICAL TRADE-OFFS 
 
Our understanding of the marine invertebrate immune response, immune response 
effector systems and the impact of environmental stress on immune defence 
mechanisms has significantly advanced over the past decade following the development 
and employment of novel genetic techniques (see Philipp et al., 2012). However, the 
basic observation that immune defences are induced by infection rather than being 
constitutively active suggests immune activity is costly (Lazzaro and Little, 2009).  It is 
these costs that are central to ecological immunology understanding (Rolff and Siva-
Jothy, 2003; Sheldon and Verhulst, 1996). Owing to finite resources, the costs 
associated with immune system maintenance and activation divert resources away from 
other important physiological processes and life history traits, such as reproduction or 
growth (Bonneaud et al., 2003; Lochmiller and Deerenberg, 2000; Sokolova et al., 
2012). A hosts ability to maintain an effective immune response is subsequently 
affected by its overall condition and energetic reserves (Kelly, 2011; Lazzaro and Little, 
2009), and understanding the impact of environmental stress on host defence therefore 
requires an understanding of condition, energy homeostasis and physiological trade-offs 
within the host organism (Fig. 1.2; Sokolova et al., 2012).  
 Whilst the acquisition of energy, its allocation to different physiological 
processes and its expenditure are vital to an organism’s fitness (Sokolova et al., 2012), 
very few studies to date have investigated the energetic trade-offs between host defence 
and other physiological processes in invertebrate organisms. Furthermore, the majority 
of invertebrate studies that have investigated the energetic trade-offs induced by host 
defence have focused on insects, and specifically the trade-off between immune defence 
and reproduction in this group (e.g. Kelly, 2011; Steiger et al., 2011; Zuk et al., 2004).   
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Figure 1.2 A bioenergetic framework of resource allocation, adapted from Sokolova et al. 
(2012), incorporating the general model of resource allocation from Pook et al. (2009), and the 
‘oxygen- and capacity- limited thermal tolerance concept (OCLTT)’ from Pörtner (2010). 
 Within marine invertebrate research there is currently a dearth of studies that 
have investigated the trade-off between host defence and other life history traits. Petes 
et al. (2008), investigating the energetic trade-off between stress resistance and 
reproduction in the Californian mussel, Mytilus californianus, demonstrated organisms 
sampled from higher vertical edges of the intertidal zone invested less relative energy in 
reproduction in this stressful environment compared to lower-tidal edge organisms, 
suggested they experience less environmental stress. Furthermore, high-edge mussels 
released all their gametes in one spawning period early in the summer, whilst 
accumulating high concentrations of carotenoid pigments in mantle tissue. Conversely, 
organisms collected from the lower-tidal edge, invested more energy in reproduction, 
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spawning throughout the year, whilst accumulating less carotenoid pigments in mantle 
tissues. The higher concentration of caroteniod pigments in high-edge organisms is 
proposed to protect the host from oxidative stress induced from living in a higher stress 
environment at higher tidal levels. The authors suggest that reallocating energy from 
reproduction towards costly physiological processes such as stress resistance and host 
defence under environmental stress may improve survival but could impact population 
dynamics and ultimately species persistence (Petes et al., 2008). Similarly, Li et al. 
(2009b) investigated the effect of spawning activity on host defence in the Pacific 
oyster, Crassostrea gigas. Oysters that were studied following a spawning period were 
shown to suffer significantly higher mortality when exposed to extracellular products 
from Vibrio harveyi, compared to pre-spawning oysters. Furthermore, glycogen 
reserves were shown to be lower in post-spawned oysters, highlighting the energetic 
cost of spawning. This increased metabolic demand of spawning oysters is therefore 
shown to compromise immune defence and metabolic reserves in post-spawned 
organisms, ultimately influencing the susceptibility of these organisms to a pathogenic 
challenge. 
 Despite very few studies having investigated the trade-off between immune 
defence and other physiological processes in invertebrate systems, the research that has 
taken place to date indicates pathogen resistance involves the entire physiology of the 
host organism and is influenced by the demand of non-immunological physiological 
processes (Lazzaro and Little, 2009). Therefore, to fully understand the response of the 
immune system to environmental stress it is vital to include measures of organism 
condition, energy homeostasis and physiological trade-offs when assessing host defence 
and disease susceptibility (Pook et al., 2009; Sokolova et al., 2012).  
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1.6. THE IMMUNE RESPONSE AND CLIMATE CHANGE 
 
Anthropogenically induced climate change poses a major threat to marine ecosystems 
and the organisms that reside within them (Harley et al., 2006). Increased atmospheric 
carbon dioxide (CO2) levels have already led to an increase in global temperatures 
(IPCC, 2007) and a concurrent reduction in seawater pH (Caldeira and Wickett, 2003; 
discussed in Sect 2.2). Also, as anthropogenic CO2 emissions continue to increase, 
global temperatures are projected to increase by a further 4ºC by the end of this century 
(IPCC, 2007), and over the same period seawater pH is projected to fall lower than it 
has been for 55 million years (Zachos et al., 2005). These environmental changes are 
predicted to have a significant impact on the health and functioning of marine 
organisms (Raven et al., 2005), potentially having significant implications for marine 
biodiversity and ecosystem functioning (Widdicombe and Spicer, 2008). Therefore to 
fully understand the impact of environmental stressors on marine invertebrate health 
and immune response it is vital to investigate the impact of climate change, and the 
environmental stressors associated with this global phenomenon, on immunological 
functioning.      
 
1.6.1 The impact of temperature on the invertebrate immune response 
 
Habitat temperature is a key environmental variable as it governs all physiological 
processes in ectothermal organisms (Pörtner et al., 2006). Due to its importance in 
regulating organismal performance, temperature is an often used stressor to investigate 
the impact of environmental stress on invertebrate immune functionality. Indeed it is 
one of the chief stressors, covered throughout this chapter, that is shown to affect all 
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aspects of the invertebrate immune system (e.g. Cellura et al., 2007; Lee et al., 2001; Li 
et al., 2009a; Pan et al., 2008; Parry and Pipe, 2004). However, whilst temperature is 
shown to affect the invertebrate immune response in a number of different organisms, 
the majority of studies to date have focused on an acute (< 48 h), or a short term (less 
than 10 days), temperature exposure (e.g. Chen et al., 2007b; Cheng et al., 2004c; 
Hégaret et al., 2003; Wang et al., 2008a). These studies offer important insight into the 
impact of temperature on immune system functioning, and yet paradoxically may not 
contribute as much to our understanding of increased seawater temperatures in the 
context of global climate change. Anthropogenically induced climate change is 
projected to cause shifts in environmental temperature that are often much lower than 
those used in acute exposures (e.g. Wang et al., 2008b) and which are occurring over a 
much longer time scale. Therefore to understand the potential impact of long term 
exposure to altered seawater temperatures and to investigate the possibility for organism 
acclimation or adaptation, it is vital to undertake longer term experimental perturbations 
under realistic future warming scenarios.  
 One area of ecological immunology that is currently addressing the impact of 
increased temperature stress in the context of climate change is the study of coral 
immunology, and specifically the impact of temperature on coral bleaching and disease 
resistance (e.g. Mydlarz et al., 2009; Ward et al., 2007). With increasing global 
temperatures it is projected organisms, such as corals, will be exposed to prolonged 
periods of abnormally high sea surface temperatures. One such warming event occurred 
in 2005, when annual sea surface temperatures rose 1 °C above the mean monthly 
maximum for a continuous 14 week period in the Caribbean. This temperature rise 
created conditions that were significantly warmer than previous years and also warmer 
than the following summer period (Clark et al., 2009). Using this higher temperature 
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year as a temperature stress proxy, Mydlarz and colleagues (2009) investigated the 
impact of increased temperature on bleaching and resistance to yellow band disease 
(YBD) in the mountainous star coral, Montastraea faveolata. The study found that the 
coral immune system was significantly impacted by temperature with prophenoloxidase 
(PO) activity increasing in bleached or diseased corals during the warming event, 
compared to healthy corals, whereas lysozyme-like activity and antibacterial activity 
was reduced in bleached corals. Despite this noted increase in PO activity in bleached or 
diseased corals during the warming event, this stimulation of the immune response did 
not confer increased disease resistance as 20 of the 21 bleached or diseased corals 
originally sampled had died by the end of the study in 2007. Whilst temperature was 
shown to initially increase apparent immunocompetence in the coral host during a 
temperature stress event, this study showed that increased temperature led to deleterious 
impacts on overall coral health, outbreaks of bleaching and YBD disease, and thus 
significantly increased coral mortality over a longer time scale. The complex nature by 
which temperature interacts with bleaching, host defence and pathogen resistance in 
corals highlights the potential catastrophic impact of increased temperature on coral reef 
ecosystems, within a realistic climate change scenario, and emphasizes the need to 
understand the impact of prolonged temperature increases on host-pathogen 
interactions. 
 Whilst temperature can have a significant impact on organism immunological 
function, it is also important to understand the potential implication of climate change 
on host-pathogen interactions. Ward et al. (2007) exposed the Caribbean sea fan coral, 
Gorgonia ventalina, to an Aspergillus sydowii infection and increased seawater 
temperatures. There was an increased in antifungal activity in sea fans maintained at 
higher temperatures following the bacterial infection, thus highlighting a temperature-
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induced stimulation of the immune response. Critically, however, this study also noted 
an increased growth rate of the pathogen at increased temperatures. If the pathogen 
could establish an infection before host defence systems are able to act, due to this 
increased growth rate, any immune system stimulation induced by increased 
temperature could be rendered inconsequential. Thus increased pathogen virulence 
noted in warmer conditions could have significant implications for host pathogen 
interactions and thus host survival.  Therefore to understand the impact of increased 
temperature, due to climate change, on the invertebrate immune response it is also vital 
to investigate the impact of increase temperature on pathogen dynamics. 
  
1.6.2 The impact of ocean acidification on the invertebrate immune response 
 
Unlike temperature, it is only over the past decade that the scientific community has 
begun to understand the potential impact of increasing atmospheric CO2 on seawater 
carbonate chemistry (see Caldeira and Wickett, 2003). This phenomenon, referred to as 
‘ocean acidification’, is now understood to significantly impact a number of key 
seawater carbonate chemistry parameters (outlined in Sect 2.2), and therefore 
potentially impact marine invertebrate health. These findings have sparked considerable 
interest, with the scientific community struggling to meet the knowledge and 
understanding deficit surrounding ocean acidification (Widdicombe and Spicer, 2008).  
 To date only a handful of studies have been published investigating the impact 
of ocean acidification on the invertebrate immune response.  Bibby et al. (2008) 
exposed the blue mussel, Mytilus edulis, to  reduced seawater pH for 32 days, and 
measured the response in a number of key immune parameters over the course of the 
experiment. Mussels maintained in seawater with reduced pH (7.7, 7.5 or 6.7) displayed 
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reduced phagocytic activity, compared with controls maintained at pH 7.8, after the 32 
day exposure. Concluding that reduced phagocytic activity is likely caused by a 
reduction in the physiological condition, and thus the subsequent functionality, of 
haemocytes, these authors stress the potential impact of ocean acidification on 
invertebrate disease resistance and therefore organism survival. Matozzo et al. (2012) 
demonstrated a similar reduction in host defence in mussels exposed to reduced 
seawater pH, with the lysozyme-like activity of cell free haemolymph reduced in 
Mytilus galloprovincialis exposed to pH 7.7 and 7.4. Finally, Hernroth et al. (2011) 
demonstrated a suppression of phagocytic activity, a reduction in coelomocyte counts 
and an inhibition of p38 MAP-kinase activity, in Asterias rubens exposed to pH 7.7. 
 Ocean acidification (OA) is highlighted as one of the greatest threats the marine 
environment faces (Harley et al., 2006). Yet despite the potential impact of this global 
stressor, to date very little is known about how a reduced seawater pH will impact 
organism immune function, disease resistance, and consequently host survival. The few 
studies that have investigated the impact of OA on invertebrate immune function to 
date,  by Bibby et al. (2008), Hernroth et al. (2011) and Matozzo et al. (2012), highlight 
the potential negative impact of reduced seawater pH on host defence mechanisms and 
therefore emphasize the importance of studying the impact of this environmental 
stressor on a wide range of marine invertebrates, in combination with other climate 
change stressors and in the context of host-pathogen interactions. Therefore to fully 
understand the potential implications of ocean acidification for invertebrate 
immunological functioning further study is urgently required.  
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1.7. CONCLUSIONS 
 
Despite an increase in the number of studies addressing the impact of environmental 
stressors on the marine invertebrate immune system over the past decade, there are still 
many key areas where the understanding of marine invertebrate ecological immunology 
remains deficient. This incomplete understanding hampers our ability to predict how 
population biology, and therefore whole ecosystems, may respond to an ever changing 
and anthropogenically modified climate. This in turn limits our ability to predict 
possible impacts on species and ecosystem evolution. To advance our current 
understanding of the ecological and evolutionary significance of environmental stressor 
related immune dysfunction, and to allow policy makers and environmental managers to 
make informed decisions on how to mitigate any anthropogenic impact on Earth’s 
climate, we therefore need to employ new stressor models and incorporate newly 
emerging techniques. 
 Life history theory dictates that physiological trade-offs exist in all organisms 
(Roff, 1992; Sibly and Calow, 1986; Stearns, 1992). Owing to finite resources, immune 
system maintenance and upregulation therefore requires resources that would otherwise 
be used to maintain other fitness related traits such as metabolism, growth or 
reproduction (Lochmiller and Deerenberg, 2000; Sheldon and Verhulst, 1996). Like 
many fitness-related traits, immunocompetence is condition dependant (Lochmiller and 
Deerenberg, 2000; Thomkins et al., 2004; Zuk and Stoehr, 2002), being affected by an 
organisms nutritional status (Moret and Schmid-Hempel, 2000) and reproduction 
(Kelly, 2011; Zuk et al., 2004). Therefore the extent to which an organism must trade-
off resources allocated to physiological processes such as metabolism or reproduction, 
in an attempt to successfully defend itself from a pathogenic challenge, will depend on 
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its energy reserves and physiological state. Consequently, to fully the understand the 
impact of environmental stress on an organism’s immune response, and ultimately its 
fitness, it is vital to also measure organism condition. By measuring an organisms 
metabolic functioning, energetic reserves and reproductive investment, alongside host 
defence, it will be possible to fully understand the fitness implications of any 
physiological trade-offs induced by an alteration in immunocompetence. 
 A major drawback of many of the studies that have investigated the impact of 
environmental stressors on the invertebrate immune response to date is their failure to 
account for seasonal variability. Environmental parameters naturally fluctuate, changing 
dramatically over a wide range of spatial and temporal scales. Therefore whilst it is key 
to understand organism’s condition and subsequently the impact of any physiological 
trade-offs, to fully understand the dynamic interaction between environmental stressors 
and the invertebrate immune response, and to be able to predict how environmental 
stress will impact population dynamics, it is also vital for future studies to investigate 
the impact of season (Duchemin et al., 2007). 
 As demonstrated throughout this chapter, many recent studies investigating the 
impact of environmental stressors on the invertebrate immune response have 
demonstrated significant interspecific differences in response to a single environmental 
stressor. Perhaps more importantly still, many studies have also demonstrated a wide 
range of intraspecific responses to different environmental stressors, or to different 
exposure levels of single stressor. Therefore, to understand the impact of a variable 
environment at a species, population or even at an ecosystem level, there is a need 
within the field of ecological immunology to investigate responses across a wider group 
of species. Studying species from more families and from a greater range of phyla, as 
well as investigating these responses to a wider range of stressors, will build on our 
Chapter 1                                                                                                                        General Introduction 
- 51 - 
 
current knowledge of the immune system and help further understand the impact of a 
variable environment.  
 Together with the need to investigate a greater range of stressors, there is also a 
requirement to investigate the impact of different stressors in combination. To date 
many ecological immunology studies have investigated a single stressor model which, 
whilst a necessary first step in elucidating stressor impacts, does not account for stressor 
interactions. However, as highlighted by Anderson et al. (1998) and Parry & Pipe 
(2004), when the invertebrate immune response is tested to demonstrate the impact of 
multiple environmental stressors, the impact varies significantly depending on whether 
the stressors were tested in isolation or in combination. In a heterogeneous and naturally 
variable world, environmental stressors seldom occur in isolation, therefore 
investigating a greater array of environmental stressors, and more importantly a greater 
number of stressors in combination, is crucial to further our understanding of the impact 
of environmental stressors on the immune response.  
 Whilst many of the studies cited in this review successfully employ a multi-
assay approach to assess stressor induced immune dysfunction, crucial if we are to fully 
understand the impact of environmental stress on the invertebrate immune response, 
many do not investigate how organism disease resistance and subsequent survival are 
impacted. Measuring a number of cellular and humoral immune parameters does 
demonstrate how environmental stressors impact the invertebrate immune system, yet 
understanding how these changes affect the disease resistance and survival of the host 
organisms will enable the implications of any  immune dysfunction to be understood at 
an ecological scale. The cost of maintaining the immune system may render the trade-
off of immune defence, to ensure physiological homeostasis, advantageous in the 
absence of any realized pathogenic threat. However, it is equally likely that the host 
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organism may maintain the ability to up-regulate the immune response when 
encountering a realized pathogenic threat. Therefore to fully understand how changes in 
an organism’s immune response will impact host-pathogen interactions, to understand 
how these changes will impact host organism survival and finally to predict any 
possible ecological and evolutionary implications of any change in survival induced by 
environmental stressors, immunocompetence should be measured functionally (Viney et 
al. 2005), measuring direct host-pathogen interactions and the survival of a host in the 
presence of a pathogen.  
  Alongside measuring host-pathogen interactions, there is also a need to 
investigate the experimental infection of marine invertebrates with a pathogen. The 
current lack of understanding surrounding invertebrate infection models is one of the 
major limitations in our ability to fully comprehend host-pathogen interactions. It is also 
a significant factor in contributing to the dearth of studies that have investigated the 
relationship between environmental stressors and host-pathogen interactions to date, 
probably the most important aspect of invertebrate immunology. Therefore improving 
the current understanding of infection models would enable a better prediction of how 
environmental change will impact host survival. Producing experimental results that are 
representative of a change in immunocompetence noted with a natural infection would 
then enable a better prediction of how the population dynamics of a particular species 
would change when faced with a pathogenic challenge.  
 Being able to demonstrate the possible impact of environmental stressors, from 
the level of gene expression to a population or an ecosystem level, will further the 
current understanding of the impact environmental stressors have on ecosystem 
dynamics and how these effects may drive evolution. Therefore, through the 
development and application of novel genomic and proteomic techniques, and 
Chapter 1                                                                                                                        General Introduction 
- 53 - 
 
subsequently applying these alongside traditional cellular, humoral and disease 
susceptibility methodologies, invertebrate ecological immunology is uniquely placed in 
its ability to investigate the impact of anthropogenically induced environmental 
stressors. However, the number of studies that have employed these novel genetic 
techniques alongside traditional cellular and humoral techniques, as well as measuring 
disease resistance, to date remains very low. Therefore, to maximise the ability of 
ecological immunity to predict the ecological and evolutionary significance of 
environmental stressors, more studies need to employ traditional immunological 
methodologies alongside novel genetic and disease resistance techniques. Furthermore, 
in demonstrating differential expression of separate defence related genes during 
ontogenesis, Tirapé et al. (2007) demonstrate the importance of studying stressor 
impacts at different life cycle stages, with it being crucial to understand immune 
function from fertilization to reproduction and beyond, incorporating the entire life 
history of an organism.  
 With a fully integrated, multi-assay, experimental design incorporating cellular, 
humoral, molecular and organism disease resistance techniques, marine invertebrate 
immunology may be able to demonstrate the full impact of an anthropogenically altered 
climate on this physiological function. Understanding how a variable environment 
impacts upon an organism’s physiological functioning is vital if we are to predict the 
possible ecosystem patterns, and understand possible evolutionary implications, any 
anthropogenically induced environmental change may generate.  
 
1.8 AIMS AND OBJECTIVES 
 
The aims of this thesis are to investigate the impact of environmental stressors on the 
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invertebrate immune response, providing empirical data on how anthropogenically-
induced stressors will impact the invertebrate immune system and how this will impact 
organism condition and subsequent physiological trade-offs. By furthering the current 
understanding in the fields of invertebrate immunology, invertebrate physiology and 
climate change research, this thesis will then provide data to inform policy makers and 
environmental managers about the impact of anthropogenic stressors on the marine 
environment and the need to mitigate increasing levels of atmospheric carbon dioxide. 
• Chapter 2 outlines the anthropogenic stressors used throughout this thesis to test 
the impact of environmental stress on the invertebrate immune response. In outlining 
the impact of increasing seawater temperature and reducing seawater pH on the marine 
environment, this chapter then highlights the marine organisms that are at particular risk 
to changing environmental conditions, before introducing Mytilus edulis as the model 
species which was chosen to study the invertebrate immune response. The Biology of 
this species is outlined and the current understanding of the impact of climate change 
stressors on mussel physiology discussed. 
• Chapter 3 details an experiment used to investigate the impact of ocean 
acidification, temperature and a bacterial challenge on the immune response of adult 
Mytilus edulis. In studying cellular and humoral aspects of mussel immunity this 
experiment provides information on the impact of climate change on overall immune 
system functionality and how any immune dysfunction affects organism disease 
resistance and survival of a pathogenic challenge. 
• Chapter 4 describes an experiment used to study the impact of environmental 
and pathogenic stressors on the physiological condition of adult mussels. By measuring 
the total lipid stores and fatty acid composition in mussel mantle tissue, alongside the 
investment in reproduction in response to ocean acidification, temperature and an 
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exposure to Vibrio tubiashii, this study investigated the impact of environmental stress 
on Mytilus edulis energy reserves and how this may impact potential physiological 
trade-offs used to manage stress.  
• Chapter 5 outlines an experiment that used metabolomics to investigate the 
impact of ocean acidification, temperature and a bacterial challenge on the metabolic 
status in mussels.  By investigating the impact of environmental stress on the 
metabolism of mussels, this study highlights the physiological impact of different 
environmental and pathogenic stressors at a cellular level. Thus providing a snapshot of 
the overall physiological conditioning of immunologically challenged organisms 
maintained under varying levels of environmental stress.  
• Chapter 6 brings together all the previous experiments to discuss the impact of 
climate change stressors on overall mussel physiology, how future climate change 
scenarios may impact mussel fitness and ultimately what this means for mussel survival 
at a population, a community or an ecosystem level. 
  
 - 56 - 
 
CHAPTER 2.  EXPERIMENTAL RATIONALE 
 
 
Anthropogenic climate change and the blue mussel (Mytilus edulis) – A model 
system to study the impact of environmental stress on the invertebrate immune 
system. 
  
Chapter 2                                                                                                                    Experimental Rationale 
- 57 - 
 
2.1. INTRODUCTION 
 
The coastal marine ecosystem is one of the most ecologically and socio-economically 
diverse systems on the planet (Harley et al., 2006), providing US$ 14 trillion in goods 
and services per year (Costanza et al., 1997). However in exploiting these resources; 
through activities such as overfishing, coastal urbanisation, pollution and the 
introduction of alien species, man has altered the marine environment through both 
direct and indirect means (Halpern et al., 2008). One of the greatest threats the marine 
environment faces is anthropogenic climate change (Harley et al., 2006). Increased CO2 
emissions are predicted to significantly impact marine organism health and functioning 
(Raven et al., 2005), which could in turn lead to a reduction in marine biodiversity 
(Widdicombe and Spicer, 2008). Ultimately such changes to marine ecosystems could 
have far reaching consequences for human health and welfare (Harley et al., 2006).  
 The presence of CO2 in the atmosphere is vital for the support of life on Earth, 
with this greenhouse gas helping to regulate the warm temperature of the Earth’s 
atmosphere by trapping solar radiation (Thomson, 1997; Tuckett, 2009). However, 
since the industrial revolution (circa 1750), the levels of carbon dioxide (CO2) in the 
atmosphere have risen from 280 to 385 ppm (IPCC, 2007). This increase is at least 100 
times faster than has occurred during previous natural events (Blackford and Gilbert, 
2007), and is due to increased fossil fuel burning, increased cement production and 
changes in land-use, such as deforestation and agriculture (Raupach et al., 2007). Based 
on a range of projected anthropogenic CO2 emissions, the Intergovernmental Panel on 
Climate Change (IPCC) has predicted atmospheric CO2 concentrations will continue to 
rise, and could reach as much as 970 ppm by 2100 (IPCC, 2007).  
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 Being closely linked to global temperature, alterations in atmospheric CO2 
concentration represent a significant human driver of climate change (Canadell et al., 
2007). Any temperature change impacts the entire Earth’s system (atmosphere, 
continents, cryosphere and oceans), with 84 % of the total heating of the Earth’s system 
having gone into warming the world’s oceans over the last 40 years (Barnett et al., 
2005). Therefore, since the industrial revolution annual mean sea surface temperatures 
have increased by 0.76 °C (IPCC, 2007).  
 Whilst increasing temperature marks a significant shift in the Earth’s climate; 
this increase could have been far greater, were it not for oceanic and terrestrial sinks 
removing CO2 from the atmosphere (Gattuso and Hansson, 2011). Since 1800, oceanic 
surface waters have removed 118 Pg C, or 25 % of the carbon, generated by human 
activities (Sabine et al., 2004). Yet, evidence suggests that the airborne fraction of 
anthropogenic emissions has increased yearly over the past 50 years from about 40 % to 
45% (Le Quéré et al., 2009), suggesting a reduced efficiency of these CO2 sinks 
(Canadell et al., 2007). With the projected rise in anthropogenic CO2 emissions and a 
reduced efficiency of CO2 sinks, it is predicted global temperatures could increase by as 
much as 1.5 °C – 4.5 °C by the end of the current century (IPCC, 2007). 
  
2.2 THE IMPACT OF INCREASING ATMOSPHERIC CO2 ON OCEAN 
CHEMISTRY 
 
A large amount of CO2 is naturally exchanged between the atmosphere and the ocean. 
Prior to the industrial revolution there was a natural net influx of around 0.6 Gt C yr-1 
from the ocean to the atmosphere (IPCC, 2007). However, increasing atmospheric CO2 
concentrations have reversed this flux, with 2 Gt C now passing from the atmosphere 
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into the ocean annually. Initially it was thought, due to the oceans perceived ability to 
buffer changes brought about by increasing CO2 concentration (Brewer, 1978), that 
seawater carbonate chemistry would not be affected by this increased flux of CO2. 
However, in 2003 Caldeira and Wickett (2003) highlighted that although equally large 
changes in atmospheric CO2 concentrations have occurred in the Earth’s geological 
history, the current rate of change is reducing the ocean’s buffering capacity, thus 
making it more sensitive to alterations in seawater carbonate chemistry than initially 
thought. 
 
2.2.1 Ocean acidification 
 
Seawater is unique in that it has a well-defined composition compared to other natural 
waters (Dickson, 2011), therefore alterations in its carbonate chemistry brought about 
by the addition of carbon dioxide are relatively well understood  (Fig. 2.1). CO2 is 
extremely soluble and exchanges with its dissolved form in surface seawater readily, 
here the aqueous form firstly reacts with water to form carbonic acid (H2CO3), which 
then rapidly dissociates to produce hydrogen  ions (H+) (Orr, 2011). Most of these 
hydrogen ions are then neutralised by reacting with carbonate ions (CO32-), to form 
bicarbonate ions (HCO3-), however some of the hydrogen ions remain which in turn 
reduces the pH of the seawater  (Orr, 2011). It is this reduction in seawater pH which 
has resulted in this phenomenon being termed ‘ocean acidification’. However, this does 
not mean the oceans will become acidic (below pH 7.0) anytime in the near future, 
merely implying that the oceans are currently becoming more acidic than they were in 
the past (Gattuso and Hansson, 2011). 
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likely to be exacerbated by the impact of OA, intermittently producing conditions that 
go way beyond any projected worst case acidification scenarios for surface oceans 
(Feely et al., 2010; IPCC, 2007; Thomsen et al., 2010). 
 Alongside the overall increase in [H+] and [HCO3-], and the concurrent decrease 
in pH and [CO32-], the addition of CO2 to seawater affects the saturation of the water 
with respect to calcium carbonate (CaCO3) minerals (Orr et al., 2005). The saturation 
state (Ω) of CaCO3 in seawater is affected by [CO32-], and therefore the addition of CO2 
results in reduced Ω. Seawater CaCO3 saturation (Ω) is said to be in equilibrium when 
Ω = 1 (Dickson, 2011). Therefore when Ω > 1 seawater is said to be supersaturated with 
respect to that mineral and biogenic calcification is favoured, yet when Ω < 1 the 
seawater is undersaturated and corrosive to CaCO3 structures, possibly causing 
problems for organisms that form calcium carbonate shells or skeletons (Feely et al., 
2008; Langdon and Atkinson, 2005). 
 Three main biogenic calcium carbonate minerals occur in seawater, being 
calcite, aragonite and high magnesium calcite, listed here in order of increasing 
solubility. Whilst the ocean is at present supersaturated with respect to calcium 
carbonate (Orr et al., 2005), an increasing partial pressure of CO2 (pCO2) in seawater 
will lead to undersaturation. The Arctic Ocean is projected to become undersaturated 
with respect to aragonite within the next 20 years (Steinacher et al., 2009). Furthermore, 
OA is already exacerbating the extent to which aragonite undersaturated seawater is 
naturally upwelling off the western north American coastline (Feely et al., 2010). 
Together with increased seawater temperatures, increasing [H+] and [HCO3-], and a 
reduced pH and [CO32-], a reduction of Ω could pose a significant threat to the health of 
marine organisms and thus impact marine biodiversity (Widdicombe and Spicer, 2008). 
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2.2.2. Carbon capture and storage 
 
With anthropogenic CO2 emissions projected to have a catastrophic impact on the 
global climate, there is significant international pressure to reduce future emissions and 
mitigate any further human impact on the environment. However, given the continued 
development of emerging economies globally, and given our continued reliance on 
fossil fuels, the prospect of a rapid reduction or a complete end to CO2 emissions in the 
near future is highly unlikely (Ohsumi, 2004). Therefore, whilst efforts are being made 
to exploit alternative energy sources, additional technologies are also being developed 
to reduce atmospheric CO2 concentrations (Berge et al., 2006).  
 The principle method proposed to reduce atmospheric CO2 is through carbon 
capture and storage, or “CCS” (Holloway, 2005). CCS is a technique that captures CO2 
emission from large point sources, such as power stations, and then injects this captured 
CO2 into large underground saltwater aquifers, reducing the effect of this green house 
gas on global ecosystems (Berge et al., 2006). CCS is currently being investigated at 
number of sites globally (e.g. Goldberg et al., 2008), such as the Sleipner West gas field 
in Norway, where CO2 is already being stored in large sub-seabed reservoirs (Holloway, 
2005). A technique such as CCS would therefore seem a practical bridging technology 
to reduce CO2 emissions during the global transition from fossil fuel burning to low 
carbon energies (Holloway, 2005). However, such a technology does not come without 
risk, and there is a significant threat of storage leaks over time (Hawkins, 2004). The 
Earth’s geological system is extremely variable (Holloway, 2005) and any shift in 
seabed geology would potentially lead to a leak of stored CO2 into the overlaying water 
column. The impact of such leaks would depend on the duration and spatial extent of 
any release, but it has been suggested that such an event could lead to a reduction in 
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seawater pH of 1.0 unit in the body of water immediately adjacent to the leak 
(Blackford et al., 2009). Any such leak event would then also be superimposed upon 
any OA scenario, producing extremely low pH conditions that could have a significant 
impact for the marine organisms residing within close proximity to a storage site 
habitat.  
 
2.3. THE IMPACT OF ANTHROPOGENIC CLIMATE CHANGE ON MARINE 
ORGANISMS 
 
Whilst the impact increasing atmospheric CO2 concentrations will have on seawater 
temperature and carbonate chemistry are well understood, and whilst the magnitude of 
these changes are not widely debated within the scientific community (Orr, 2011), the 
impact anthropogenic climate change (namely increasing sea temperature and OA) will 
have on marine organisms is unclear. It is therefore vital for the scientific community to 
address the current dearth of empirical data and investigate the impact of increasing 
seawater temperatures, the impact of OA and the ecological impact of any possible 
mitigation technology, such as CCS, on marine organisms and on subsequent ecosystem 
function.  
 
2.3.1 The impact of temperature on marine organisms 
 
Environmental temperature plays an important role in determining body temperature in 
ectothermic organisms and thus directly impacts all physiological processes (Pörtner et 
al., 2006; Young et al., 2011). Metabolic rate, for example, generally increases with 
increasing environmental temperature (Ede and Krogh, 1914; Pörtner et al., 2006). 
Chapter 2                                                                                                                    Experimental Rationale 
- 64 - 
 
Furthermore, the rate of chemical and enzyme reactions, the fluidity of membranes, the 
structure of proteins and the rate of diffusion are all affected by temperature (Rayssac et 
al., 2010). Most biological processes that are temperature-sensitive are only able to 
operate optimally within a narrow thermal window, outside of which trait performance 
is seen to decline significantly (Angilletta, 2009; Kearney and Porter, 2009; Young et 
al., 2011). Such a temperature deviation will ultimately result in an organism re-
allocating resources that would otherwise be used for growth or reproduction to 
maximise fitness (Pörtner et al., 2001; Sibly and Calow, 1986). Temperature is therefore 
a major determinant of the large scale geographical distribution of marine species (Jones 
et al., 2009; Pörtner, 2008), and the sensitivity of a species to changes in environmental 
temperature will thus largely be governed by how close an organism is to its thermal 
limits (both mean habitat temperature and extreme habitat temperatures) (Bosonovic et 
al., 2011; Pörtner et al., 2006).  
 With temperature shaping species’ geographical distributions, global warming 
has already been shown to affect the geographical distribution of aquatic and terrestrial 
organisms (Bosonovic et al., 2011; Hoegh-Guldberg, 2005; Parmesan and Yohe, 2003; 
Perry et al., 2005). This trend for species movement from lower to higher latitudes 
under warming scenarios could result in local extinctions and major shifts in ecosystem 
functioning (Rayssac et al., 2010; Thomas et al., 2004). To predict the ecological 
consequence of global warming, a better understanding of thermal tolerance driven 
biogeographic patterns is therefore needed (Bosonovic et al., 2011; Jones et al., 2009). 
For example, Sagarin et al. (1999) compared the recent species distribution of intertidal 
communities along the Californian coastline with a historical dataset from the 1930’s, 
and found that a general increase in habitat temperature of 0.79 °C was accompanied by 
a significant northward shift in species distribution. The successful shift of an organism 
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to a more favourable habitat will depend on the mobility of the species, its mode of life 
and its reproductive status, as well as on the speed at which habitats are being altered by 
climate change (Pörtner, 2008). 
 As well as impacting organism physiology directly, temperature is also shown to 
interact with a number of other biotic and abiotic factors to impact organism 
performance including: salinity (e.g. Strasser et al., 2008), oxygen (e.g. Niklitschek and 
Secor, 2009),  ultraviolet radiation (e.g. Przeslawski et al., 2005), food availability and 
trophic interactions (e.g. Morelissen and Harley, 2007),  and pollution and pathogen 
exposure (e.g. Parry and Pipe, 2004). Furthermore, in many of these studies temperature 
is shown to increase the sensitivity of the organism to the additional stressors even 
when it is not shown affect organism performance directly. Such interactions are 
therefore likely to determine the impact of climate change stressors on ecosystem 
functioning, and the physiological principles that dictate performance may be far more 
intertwined with climate dependant ecological patterns than traditionally thought 
(Pörtner, 2008; Pörtner and Farrell, 2008). 
 
2.3.2 The impact of OA on marine organisms 
 
Like temperature, OA has been shown to significantly impact the physiological 
functioning and survival of marine organisms. Reduced  seawater pH has been shown to 
impact calcification (e.g. Gazeau et al., 2007; Kurihara and Shirayama, 2004; Orr et al., 
2005; Wood et al., 2010), photosynthesis (e.g. Langdon and Atkinson, 2005; Schneider 
and Erez, 2006), acid-base balance (e.g. Miles et al., 2007; Spicer et al., 2007), 
metabolism (e.g. Michaelidis et al., 2005b; Small et al., 2010; Thomsen and Melzner, 
2010), growth (e.g. Berge et al., 2006; Michaelidis et al., 2005b; Thomsen et al., 2010), 
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organism health (e.g. Beesley et al., 2008), immune response (e.g. Bibby et al., 2008; 
Hernroth et al., 2011) and behaviour (e.g. Bibby et al., 2007; Nilsson et al., 2012).  
Furthermore OA is also shown to affect different life cycle stages in a number of marine 
organisms; impacting embryonic development (e.g. Egilsdottir et al., 2009; Ellis et al., 
2009), larval development (e.g. Arnold et al., 2009; Dupont et al., 2010a; Munday et al., 
2010) and reproduction (e.g. Havenhand et al., 2008).  
 However, whilst there is a growing body of literature investigating the impact of 
OA on marine organisms, increasing from an average of 9 peer-reviewed papers 
published per year between 1989 and 2003, to 213 articles in 2010 (a 43-fold increase) 
(Gattuso and Hansson, 2011), there is often a lack of any “significant mean effect” 
reported,  with the prevalence of apparently contradictory results in the literature 
growing (e.g. Iglesias-Rodriguez et al., 2008; Riebesell et al., 2000). Much of this 
uncertainty may stem from the fact that reduced seawater pH affects a variety of 
organismal processes (Kroeker et al., 2010), with each of these processes likely 
interacting and competing for energetic resources at the level of the whole organism 
(Wood et al., 2008). The high maintenance costs experienced under the stressful 
conditions associated with OA indicate that the impact of climate change on marine 
organisms may be far more complex than initially anticipated (Hendriks et al., 2010; 
Kroeker et al., 2010). Such complexity makes it difficult to predict the response of even 
a single organism to these environmental changes, with the prediction of ecosystem 
level responses harder still.  
 
2.3.3. Combined impact of climate change stressors 
 
The combined study of OA and temperature has received very little attention with most 
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OA studies to date focusing on a single stressor model, despite the fact that changes to 
these two environmental stressors are predicted to occur in concert with each other, 
alongside other biotic and abiotic stressors (Kroeker et al., 2010). From the handful of 
studies that have investigated temperature and OA in combination (Anthony et al., 
2008; Byrne et al., 2009; Martin and Gattuso, 2009; Munday et al., 2009; Reynaud et 
al., 2003; Rodolfo-Metalpha et al., 2010), it is clear that at present we are unable to 
make any generalizations surrounding the overall ecological impact of these climate 
change stressors, with temperature having been shown to both increase and decrease the 
sensitivity of organisms to OA (Kroeker et al., 2010). Anthony et al. (2008) showed 
pCO2 to act synergistically with temperature to lower the thermal bleaching threshold in 
coral species, with high temperature increasing bleaching by up to 50 % at high pCO2 
compared to high pCO2 and low temperature. Similarly, Reynaud et al. (2003) showed 
that calcification remained unaffected by reduced seawater pH at control temperatures, 
however when additionally exposed to a concomitant increase in temperature 
calcification was seen to decrease by 50 % compared to ambient temperature and 
control pCO2 in exposed corals. Conversely, Gooding et al. (2009)  exposed the sea star, 
Piaster ochraceus to elevated pCO2 and increased temperature, demonstrating that 
increasing both temperature and pCO2 enhanced growth in this keystone echinoderm. 
Whilst likewise Connell and Russell (2009) demonstrated  that temperature and pCO2 
acted synergistically, leading to a phase shift in algal communities from a kelp 
dominated ecosystem to an algal turf dominated  system under a future climate 
compared to current environmental conditions, with turf communities doubling in 
biomass and covering 4 times as much available space (Connell and Russell, 2009). In 
finding such a confounding impact of temperature on the sensitivity of marine 
organisms to OA, these studies may go some way to explaining the variability reported 
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in much of the literature concerning calcification rates and increasing pCO2. 
 The importance of studying the combined impact of temperature and CO2 is also 
highlighted by a number of recent discussions, where these two stressors are proposed 
to have been influential during mass extinction events in the Earth’s history; including 
the end-Permian mass extinction where marine ecosystems experienced a  species loss 
estimated to be as high as 90% (Knoll et al., 1996, 2007; Knoll and Fischer, 2011). With 
temperature, alongside atmospheric and aquatic CO2, appearing to have been influential 
in the course of the Earth’s evolutionary history (Pörtner, 2008), understanding the 
impact of these stressors in combination will be vital to accurately predict the likely 
impact of climate change on ecosystem function and biodiversity.  
 
2.4 MUSSELS AS A MODEL SYSTEM TO STUDY THE IMPACT OF 
CLIMATE CHANGE  
 
Whilst a comprehensive review of the response of all marine organisms to a suite of 
environmental stressors, including OA and temperature, would offer the most accurate 
understanding of future ecosystem change, it is not possible to take this approach in the 
real world. Therefore selecting keystone species, or model organisms, to offer the most 
valuable scientific insight is crucial. In a recent meta-analysis investigating the 
vulnerability of marine organisms to OA, one group of organisms shown to be 
particularly vulnerable to changes in ambient pH were the bivalves (Hendriks et al., 
2010). The class Bivalvia, comprises of groups such as mussels, oysters, scallops and 
clams, and numbers around 7,500 species (Gosling, 2003). As dominant members of 
coastal and estuarine communities, bivalves form an important component of intertidal 
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marine fauna, having an extensive geographical distribution and being of increasing 
importance economically (Widdows and Donkin, 1992).  
 The family Mytilidae, to which mussels of the genus Mytilus belong, is a 
dominant component of rocky shore communities in cooler waters of northern and 
southern hemispheres (Gosling, 1992; Seed and Suchanek, 1992). Of the genus Mytilus, 
the blue mussel, Mytilus edulis is the species with the widest recorded distribution, 
extending from the Arctic to mild sub-tropical regions (Gosling, 2003). It occurs from 
the White Sea to southern France in the north east Atlantic, from the Canadian 
Maritimes to North Carolina in the west Atlantic, along the coasts of Chile, Argentina, 
the Falkland Islands and along the west coast of North America (Beesley et al., 2008; 
Berge et al., 2006). Furthermore, in each of these regions it extends from the high 
intertidal to the shallow sublittoral, from sheltered to extremely wave-exposed shores 
and from fully marine to estuarine conditions (Gosling, 2003). Like many intertidal 
organisms the upper range limit of intertidal mussel populations is determined by a 
physiological intolerance of temperature extremes and desiccation, as well as a 
reduction in the time available for feeding, whereas its lower limits are governed by 
biological factors such as competition and predation (Seed and Suchanek, 1992). 
 Mussels are sedentary filter feeders, settling on a variety of hard or semi-
consolidated substrates that are firm enough to provide a strong anchorage (Gosling, 
2003; Seed and Suchanek, 1992). They attach themselves to other objects using byssus 
thread (Gosling, 2003) and aggregate to form large beds which are considered to be one 
of the most diverse temperate systems (Fig. 2.2) (Suchanek, 1994). In providing a 
structurally complex microhabitat, mussel beds can support up to 300 species at any one 
location, and up to 750 species regionally (Kanter, 1980; Suchanek, 1979), providing 
associated species with a large surface area for settlement, as well as a refuge from 
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Figure 2.2 Mytilus edulis growing on a wild mussel bed which creates a complex microhabitat 
for associated fauna, Exmouth, Exe Estuary, Devon, UK. Scale bar = 100 mm. (Picture  taken  
by R. Ellis). 
 
harsh environmental conditions and  predation (Gutiérrez et al., 2003; Smith et al., 
2006). By maintaining biodiversity and sediment stability in coastal and estuarine 
habitats, mussels carry out a vital role in temperate marine and estuarine ecosystems 
worldwide, making them a key ecosystem engineer (Beesley et al., 2008). 
 As well as their importance ecologically, mussels are also of huge importance 
economically. Bivalve culture dates back over 2,000 years, with Aristotle mentioning 
the cultivation of oysters in Greece in 350 BC (Gosling, 2003), and their importance to 
the aquaculture sector continues to steadily grow (Gestal et al., 2008). The worldwide 
harvest of mussels exceeded 1.7 million tonnes in 2008, with an estimated value of US 
$ 1.6 billion, of which approximately 95 % was from aquaculture (FAO, 2010). 
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However, an increasing distribution and intensity of bivalve culture worldwide has also 
led to an increase in the prevalence and severity of  disease outbreaks, causing mass 
mortality events which significantly impact bivalve fisheries and natural bivalve 
populations alike (Elston et al., 2008; Gestal et al., 2008).  
 Due to their high abundance, cosmopolitan spread and filter feeding lifestyle,  
mussels have become established as one of the most widely used indicator species for 
environmental monitoring (Dondero et al., 2006; Rittschof and McClellan-Green, 
2005). Previous studies investigating the impact of OA on mussels have shown a 
reduction in seawater pH is shown to have a significant and often  negative impact on 
these bivalves. Michaelidis et al. (2005b) demonstrated that adult mussels reduced their 
metabolic rate and increased protein degradation when exposed to reduced seawater pH. 
In contrast Thomsen and Melzner (2010) demonstrated that during a long-term exposure 
to increased pCO2 mussels did not undergo any global metabolic depression, however 
these authors did measure an increased protein metabolism, reduced shell length and 
reduced shell mass. Furthermore OA has also been shown to reduce growth (Berge et 
al., 2006), calcification (Gazeau et al., 2007), immune function (Bibby et al., 2008) and 
organism health (Beesley et al., 2008) in Mytilus species. 
 Early life cycle stages are generally considered to be more vulnerable than adults 
to environmental disturbance (Raven et al., 2005). Gazeau et al. (2010) demonstrated 
that mussel larvae developed under increasing pCO2 had smaller shells at hatching, with 
these shells also being thinner. The population also demonstrated a reduced hatching 
rate under future OA conditions (Gazeau et al., 2010). Such changes at early life stages 
could have considerable knock on effects for overall population dynamics, and thus 
ecosystem function.  
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 To date very little is known about what impact a concurrent exposure to 
temperature and OA will have on marine mussels, with only one study having measured 
mussel bed community dynamics in response to climate change. Carried out by Smith et 
al. (2006), this study measured a large decline in species diversity on Californian mussel 
beds between the 1960’s/1970’s and 2002, with 58.9 % of this mean diversity loss 
measured being attributed to climate change (Smith et al., 2006). Considering this result 
and the understanding of projected climatic change, future increases in global 
temperatures and reductions in seawater pH could potentially have a catastrophic effect 
on community biodiversity and ecosystem function. 
 Negative impacts of climate change stressors on mussels would not only impact 
coastal biodiversity and ecosystem functioning, but additionally would result in 
significant economic loss (Cooley and Doney, 2009; Gazeau et al., 2007). The 
importance of mussels, both economically and ecologically, thus highlights a need to 
investigate the impact of climate change stressors on these ecosystem engineers. In 
elucidating the interactive impact of climate changes stressors on disease prevalence 
and disease resistance in marine mussels and by understanding the ecological processes 
that control populations, communities and ecosystems, we will be better able to project 
which stressors will cause serious ecosystem alterations, in turn helping us avoid or 
alleviate these impacts (Suchanek, 1994). 
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CHAPTER 3.  MUSSEL IMMUNE RESPONSE 
 
 
Effect of CO2-induced seawater acidification, increased temperature and a 
bacterial challenge on the immune response of the blue mussel, Mytilus edulis. 
Chapter 3                                                                                                                            Immune Response 
- 74 - 
 
3.1 INTRODUCTION 
 
Anthropogenic activities are fundamentally altering the chemistry of the world’s oceans, 
through an excess input of nutrients, pollution, increased temperature and altered 
carbonate chemistry (Doney, 2010). As outlined in Chapter 1, these perturbations are in 
turn significantly impacting marine organism immune function. However, despite being 
proposed as one of the greatest threats that marine ecosystems face (Harley et al., 2006), 
to date very little is known about the impact of anthropogenic climate change, and 
ocean acidification (OA) in particular, on the immune response of marine organisms.  
 In demonstrating a reduced phagocytic activity at reduced seawater pH in the 
blue mussel, Bibby et al. (2008) highlight the potential impact of altered seawater 
carbonate chemistry on invertebrate immune function. However,  the study by Bibby et 
al. (2008) is amongst only a handful of studies to date to have investigated the impact of 
OA on the invertebrate immune response. Furthermore, each of these previous studies 
(Bibby et al., 2008; Hernroth et al., 2011; Matozzo et al., 2012) were carried out in the 
absence of any pathogenic insult, and thus were not designed to quantify the potential 
impact of any immune suppression on organism fitness. The immune system protects an 
organism from infectious disease in order to maximise fitness (Viney et al., 2005). It is 
possible that when exposed to stressful environmental conditions, and in the absence of 
any pathogenic threat, an organism may reduce the energy it allocates to immune 
system maintenance, instead reallocating these resources to other physiological 
functions in an attempt to optimise fitness (Lochmiller and Deerenberg, 2000; Sheldon 
and Verhulst, 1996). However, whilst an organism may trade-off  the cost of immune 
system maintenance, it is possible that it may maintain an ability to up-regulate its 
immune response when required. Immunocompetence should therefore be measured and 
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defined functionally, in the presence of a pathogen, to accurately assess any possible 
immune suppression (Morley, 2010; Viney et al., 2005).   
 Therefore the aim of this chapter is to, for the first time, assess the impact of 
climate change stressors on invertebrate immune system functionality in the presence of 
a pathogen. By investigating the impact of reduced seawater pH and increased seawater 
temperature on the total and differential cell counts, as well as the antibacterial activity 
of cell-free haemolymph, in the blue mussel, Mytilus edulis, this study will elucidate the 
impact of anthropogenic climate change on the maintenance of cellular and humoral 
host defence. Furthermore, in subsequently exposing mussels to a bacterium shown to 
be pathogenic to marine bivalves, namely  Vibrio tubiashii, (Elston et al., 2008), this 
study will then be able to demonstrate the impact of any possible immune suppression 
on organism disease resistance. 
 
3.2 MATERIALS AND METHODS 
 
3.2.1 Study organisms and experimental setup 
 
Adult Mytilus edulis (50 to 70 mm shell length) were collected by hand from an 
intertidal estuarine mussel bed, Exmouth, Devon, UK (50º 37.09’N, 03º 25.42’W) on 
17th Dec 2009. This site was chosen as the mussel population at Exmouth are shown to 
comprise of pure M. edulis, despite previous research having demonstrated a complex 
speciation in the genus Mytilus across south-west England (Gilg and Hilbish, 2003; 
Hilbish et al., 2002).  Following collection mussels were transported to a mesocosm at 
Plymouth Marine Laboratory (PML) within 2 h of harvest. Upon arrival mussels were 
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cleared of all epibionts using a fixed blade scalpel. Once cleaned, 4 individuals were 
placed into each of the 60 experimental chambers described below.  
 Experimental chambers (vol. = 250 ml) were evenly distributed between 10 re-
circulating water baths (vol. = 75 l; 125 cm x 60 cm x 10 cm). Each chamber was 
haphazardly assigned to one of ten experimental treatments, consisting of five pH levels 
crossed with two different temperatures. Each treatment combination contained 6 
replicate chambers. The nominal pH values used in this experiment were pH 8.05 
(present day ambient seawater pH), pH 7.80 (reduced seawater pH predicted to occur by 
2100; IS92 emissions scenario; IPCC, 2007), pH 7.60 (reduced seawater pH predicted 
to occur by 2100; A2 scenario; Caldeira and Wickett, 2005), pH 7.35 (reduced seawater 
pH predicted to occur by 2300; IS92 emissions scenario; IPCC, 2007) and pH 6.50 (low 
pH conditions expected from a Carbon Capture Storage CO2 leak under already 
acidified conditions; Blackford et al., 2009). The mesocosm was maintained at 12.5 ± 1 
°C (surface seawater temperature recorded by the western channel observatory at station 
L4, 1st Dec 2009), with mussels in the elevated temperature treatment being exposed to 
a temperature of 17.0 ± 0.5°C (representing a temperature increase predicted to occur by 
2100; IPCC, 2007; Sokolov et al., 2009). The increased temperature was achieved by 
placing heaters in the five water baths which had been haphazardly assigned to the 
elevated temperature treatment.  
 Each water bath contained six experimental chambers that were continuously 
supplied with seawater from one of ten header tanks (vol. = 450 l), via a peristaltic 
pump (13 ± 0.5 ml min-1; Watson Marlow 2058). Overflow water from experimental 
chambers was allowed to run off, creating a flow-through experimental system that 
prevented the build up of any metabolic waste products (Fig. 3.1). Header tank pH was 
adjusted through the bubbling of CO2 gas (Fig 3.2), using the system described by 
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Widdicombe and Needham (2007). The pH in header tanks was monitored using 
combination pH electrodes (Walchem S650CD), calibrated using NIST standardised 
buffers and connected to a computerised feedback system (Walchem Webmaster-GI 
controller USA), which regulated the addition of CO2. During the experiment mussels  
 
Figure 3.1 Experimental setup showing header tanks supplying seawater to experimental 
chambers via a peristaltic pump. Experimental chambers are housed in water baths that flow to 
waste, creating flow-through system. Photo taken by R.Ellis. 
were fed with Isochrysis galbana (30 mg dry mass mussel-1 day-1; Isochrysis 1800: 
Reed Mariculture Inc.), suspended in seawater and added to each header tank daily. 
Using daylight simulation lights, the mesocosm was subject to a 9 h light: 15 h dark 
regime. This closely replicated the natural day light hours for the collection site, 
measured at the time of mussel collection.  
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(pCO2, TCO2, Ωcalcite, Ωaragonite, HCO3-, and CO32-) were calculated from the measured 
pH (NBS scale) and AT values using the CO2sys program (Pierrot et al., 2006), using 
the constants from Mehrbach et al. (1973), refitted by Dickson and Millero (1987), and 
using the KSO4 dissociation constants from Dickson (1990).  
 
3.2.2 Sampling protocol and bacterial exposure 
 
Mussels were maintained in the experimental setup, as described above (Sect. 3.2.1), for 
a total of 98 days. On day 90, one mussel was sampled from each experimental chamber 
to measure the immune response (as described in Sect. 3.2.3). Following this initial 
sampling the remaining mussels were exposed to a bacterial challenge. Vibrio tubashii 
NCIMB 1337 (ATCC19106) was chosen as it is pathogenic to bivalves and due to its 
recent re-emergence having been linked to a reduction in hatchery bivalve populations 
(Elston et al., 2008). V. tubiashii was grown under thermo-stable conditions (24 °) in 
marine broth (sterile marine saline + 1 g l-1 yeast extract and 0.5 g l-1 tryptone). Log 
phase broth culture was harvested into a sterile centrifuge tube (vol = 15 ml; Sarstedt®), 
centrifuged (10 min, 2000 x rpm; 15 °C; Centrifuge 5810R, Eppendorf) and re-
suspended in sterile marine saline. Bacteria were rinsed a further two times before being 
re-suspended in fresh marine saline at a concentration of ca. 2 x 108 ml-1 (OD600nm ca. 
2). Bacteria were then further diluted by two serial tenfold dilutions in marine saline to 
give a final working concentration of 2 x 106 ml-1 (Parry and Pipe, 2004). On day 91 
these mussels were removed from the flow-through system and injected with 1.0 ml of a 
live bacterial suspension (Vibrio tubiashii at 2 x 106 bacterial cells ml-1) directly into the 
posterior adductor muscle, using a 1.0 ml syringe fitted with a 21g needle. Mussels were 
then left immersed at their respective experimental temperatures (either 12.5 °C or 17.0 
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°C) for 2 h, held shut with an elastic band, after which time the elastic band was 
removed and they were returned to the experimental system. The mussel immune 
response was then measured again in one randomly chosen individual from each 
experimental chamber on day 92 (1 day post inoculation) and day 98 (7 days post 
inoculation). 
 
3.2.3 Immunological assays 
 
Haemolymph (0.5 ml) was extracted from the large sinus within the posterior adductor 
muscle, using a 1.0 ml syringe fitted with a 21g needle. Haemolymph was transferred to 
a siliconised microcentrifuge tube (vol. = 1.6 ml, Eppendorf®) stored on ice, to 
minimise cell aggregation.  
 
Total and differential cell counts: 
An aliquot of haemolymph (vol. = 150 µl) was added to an equal volume of Baker’s 
formal calcium (10 % formalin, 1 % calcium chloride and 2.5 % sodium chloride). The 
total number of fixed haemocytes per ml of haemolymph was then quantified using an 
improved Neubauer haemocytometer on a Leitz (Leitz Wetzlar) compound microscope. 
Differential haemocyte counts were prepared using a cytocentrifuge (Shandon, UK); 
100 µl of fixed haemolymph was spun (1,000 rpm) onto glass microscope slides. Cells 
were then post fixed in methanol (100 %; Sigma-Aldrich) for 3 min, stained with 
Wrights stain (diluted 1:4 with 0.05 M Tris-buffered saline (TBS), pH 7.6) for 5 min, 
rinsed with deionised water, air dried and mounted in Canada Balsam. The Wrights 
stain enables eosinophilic (granular, dark pink/purple) and basophilic (non-granular, 
light blue) blood cells to be differentiated (Fig 3.3) (Pipe, 1990a). Relative numbers of 
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eosinophils and basophils were calculated by counting 200 haemocytes from each 
animal (Parry and Pipe, 2004). 
 
 
Figure 3.3 Light micrograph of Mytilus edulis haemocytes differentially stained with Wrights 
stain. Eosinophilic cells stained purple, basophilic cells stained light blue. Scale bar = 40µm. 
 
Antibacterial activity of cell-free haemolymph: 
An aliquot of haemolymph (vol. = 250 µl) was added to an equal volume of marine 
saline and centrifuged (2.5 min, 400 x g, 15 °C; Centrifuge 5810R, Eppendorf). The 
supernatant, cell-free haemolymph, was transferred to a microcentrifuge tube 
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(Eppendorf®) and stored at -20°C until analysed. To measure antibacterial activity of the 
cell-free haemolymph, a 100 µl aliquot of cell-free haemolymph was pipetted into 4 
replicate wells of a microplate with an equal volume of Vibrio tubiashii suspension (2 x 
106 bacterial cells per ml-1 suspended in marine saline). 50 µl of marine saline and 50 µl 
of marine broth were added to 100 µl of Vibrio tubiashii suspension in 4 replicate wells 
to determine bacterial growth over 22 h (bacterial controls). 150 µl of marine saline and 
50 µl of marine broth was used as a blank. Plates were incubated at 20 °C and read 
using a microplate reader (Molecular Devices VersaMax Microplate Reader) at λ = 340 
nm. Results were presented as bacterial growth inhibition after 22 h, measured as a 
change in optical density between haemolymph exposed samples and bacterial control 
growth. 
 
3.2.4 Statistical analysis 
 
All data were tested statistically using the PERMAONVA+ add in (beta version; 
Anderson et al., 2008) in PRIMER 6.1 (Clarke and Gorley, 2006). As PERMANOVA+ 
is sensitive to differences in multivariate dispersion between groups (Anderson, 2006), 
data were first tested for homogeneity of variance using PERMDISP. If data were seen 
to have heterogeneous variance an appropriate transformation, square root or log(x+1), 
was applied. Euclidean distance similarity matrices were then constructed for all data. 
 For carbonate chemistry parameters, P-values were calculated using an 
unrestricted permutation of raw data. When a statistically significant difference was 
shown, pair-wise comparisons between all levels of a given environmental parameter 
were undertaken, using PERMANOVA+. To measure the effect of reduced seawater 
pH, temperature and a bacterial exposure on immune system maintenance P-values were 
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calculated using 999 permutations of the residuals under a reduced model. Pair-wise 
comparisons were again undertaken where a significant P-value was encountered for a 
given factor with more than two levels, or where a significant interaction was 
demonstrated between two or more experimental factors. Furthermore, the effect of 
organism gender, determined using histology (as described in Sect. 4.2.1), on immune 
system maintenance was assessed using PERMANOVA. Again, P-values were 
calculated using 999 permutations of the residuals under a reduced model, and pair-wise 
comparisons undertaken where gender was shown to interact with another experimental 
factor.  
 To test the impact of OA, ocean warming and gender on the ability of mussels to 
up-regulate their immune response when encountering a bacterial challenge, the change 
in host defence following a pathogenic exposure was calculated. A change in the 
immune response was calculated as an increase or decrease in the ability of cell-free 
haemolymph to inhibit bacterial growth, an increase or decrease in total cell count or a 
change in the proportion of eosinophilic haemocytes in pathogen exposed mussels 
within each treatment group, compared to mussels at day 90. These data were then 
tested in PERMANOVA+ using the same procedure as used to test other immune 
system data. 
 
3.3. RESULTS 
 
3.3.1 Experimental conditions 
 
The carbonate chemistry parameters within the header tanks and experimental chambers 
are summarised in Tables 3.1 and 3.2 respectively. The pH of seawater was significantly 
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lowered in all header tanks and experimental chambers assigned to the reduced seawater 
pH treatments, compared to the control treatment, and remained stable throughout the 
98 d exposure. The slight difference recorded between the pH in header tanks and 
exposure chambers at pH 8.05, 7.80 and 7.60 is likely to be due to mussel respiration in 
experimental chambers, and bacterial respiration in the tubes supplying chambers.  
 Salinity did not differ significantly between treatments, whereas temperature 
was significantly lower in exposure chambers maintained at 12.5 °C, compared to 17.0 
°C. However, there was no significant difference in the temperature of experimental 
chambers within treatments. Total alkalinity was not significantly different between 
treatment groups in header tanks; however in exposure chambers the AT measured at pH 
6.50 was significantly higher than at any other pH level, and this was the case at both 
12.5 °C and 17.0 °C. Such an increase in AT may be caused by increased dissolution of 
mussel shells at low pH, a phenomenon demonstrated by Melzner et al. (2011), and one 
which would not be unexpected due to the severe undersaturation of both calcite and 
aragonite at pH 6.50 (Table 3.1).  
 pCO2 was shown to significantly increase with decreasing pH, as was total 
carbon dioxide (TCO2) and [HCO3-]. Reduced pH was also shown to significantly 
decrease [CO32-] and the saturation of both calcite and aragonite. Seawater was shown 
to become undersaturated with respect to calcite at pH 7.35 at 12.5 °C (Table 3.2a), and 
pH 7.60 at 17.0°C (Table 3.2b). Seawater was shown to become undersaturated with 
respect to aragonite at pH 7.80 at both 12.5 °C and 17.0 °C. 
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Table 3.1 Carbonate chemistry of seawater in header tanks for each pH exposure level.  
 
Data are represented as mean (± S.E.). Significant differences (p ≤ 0.05) between treatment levels are indicated by different letters based on pair-wise tests. 
†Calculated using CO2SYS software. 
Parameter
pHNBS 8.09 ± 0.01
a 7.77 ± 0.01b 7.60 ± 0.01c 7.33 ± 0.01d 6.46 ± 0.02e
Temperature (°C) 13.83 ± 0.11 13.94 ± 0.10 13.85 ± 0.10 14.01 ± 0.10 13.87 ± 0.10
Salinity 34.17 ± 0.07 34.15 ± 0.07 34.17 ± 0.07 34.16 ± 0.07 34.15 ± 0.07
A T  (µmol kg-1 SW) 2402.32 ± 30.27 2396.70 ± 27.89 2412.67 ± 30.79 2392.42 ± 31.71 2420.65 ± 30.62
pCO2 (µatm)† 518.02 ± 22.25a 1177.85 ± 64.12b 1940.40 ± 240.51c 5075.37 ± 1402.88d 25242.14 ± 1938.82e
TCO2 (µmol kg-1 SW)† 2229.22 ± 30.55a 2344.67 ± 32.00b 2422.27 ± 39.09b,c 2558.20 ± 69.25c 3396.81 ± 98.58
ΩCalcite† 3.201 ± 0.080a 1.625 ± 0.058b 1.098 ± 0.084c 0.535 ± 0.091d 0.091 ± 0.005e
ΩAragonite† 2.045 ± 0.051a 1.038 ± 0.037b 0.701 ± 0.053c 0.342 ± 0.058d 0.058 ± 0.003e
HCO3- (µmol kg-1 SW)† 2075.62 ± 29.83a 2230.62 ± 31.06b 2300.70 ± 34.23b,c 2337.81 ± 33.04c,d 2411.68 ± 30.78d
CO32- (µmol kg-1 SW)† 133.31 ± 3.31a 67.68 ± 2.34b 45.70 ± 3.44c 22.29 ± 3.79d 3.80 ± 0.20e
6.508.05 7.80 7.60 7.35
Chapter 3                                                                                                                                                                                                                                                      Immune Response 
 
- 86 - 
 
Table 3.2 Carbonate chemistry of seawater in experimental chambers maintained at a) 12.5 °C and b) 17.0 °C for each pH exposure level.   
Data are represented as mean (± S.E.). Significant differences (p ≤ 0.05) between treatment levels are indicated by different letters based on pair-wise 
tests. †Calculated using CO2SYS software. 
a)
Parameter
pHNBS 8.02 ± 0.01
a 7.68 ± 0.01b 7.51 ± 0.01c 7.30 ± 0.01d 6.55 ± 0.01e
Temperature (°C) 12.36 ± 0.09 12.27 ± 0.10 12.30 ± 0.10 12.32 ± 0.09 12.46 ± 0.10
Salinity 34.00 ± 0.06 34.01 ± 0.06 34.04 ± 0.06 34.00 ± 0.06 33.98 ± 0.06
A T  (µmol kg-1 SW) 2395.15 ± 20.60a 2394.45 ± 20.01a 2436.43 ± 19.58a 2434.78 ± 17.50a 2584.84 ± 44.15b
pCO2 (µatm)† 787.87 ± 30.60a 1704.95 ± 46.67b 2413.11 ± 92.87c 3786.12 ± 174.12d 24751.24 ± 1109.09e
TCO2 (µmol kg-1 SW)† 2266.87 ± 18.83a 2374.63 ± 18.16b 2459.72 ± 17.22c 2528.75 ± 21.03d 3457.39 ± 73.87e
ΩCalcite† 2.605 ± 0.079a 1.344 ± 0.044b 1.043 ± 0.057c 0.677 ± 0.028d 0.121 ± 0.004e
ΩAragonite† 1.676 ± 0.051a 0.865 ± 0.029b 0.672 ± 0.037c 0.436 ± 0.018d 0.078 ± 0.003e
HCO3- (µmol kg-1 SW)† 2130.53 ± 17.57a 2258.08 ± 17.20b 2330.75 ± 16.48c 2366.17 ± 17.50d 2573.00 ± 44.04e
CO32- (µmol kg-1 SW)† 108.33 ± 3.34a 55.86 ± 1.87b 43.41 ± 2.40c 28.18 ± 1.18d 5.04 ± 0.18e
b)
Parameter
pHNBS 7.95 ± 0.01
a 7.63 ± 0.01b 7.51 ± 0.01c 7.29 ± 0.01d 6.51 ± 0.01e
Temperature (°C) 17.12 ± 0.07 17.04 ± 0.07 17.11 ± 0.07 17.16 ± 0.06 17.07 ± 0.08
Salinity 34.07 ± 0.06 34.03 ± 0.06 34.06 ± 0.06 34.03 ± 0.06 34.03 ± 0.06
A T  (µmol kg-1 SW) 2407.38 ± 17.57a 2408.32 ± 18.32a 2424.32 ± 12.09a 2440.25 ± 17.63a 2630.13 ± 36.18b
pCO2 (µatm)† 624.60 ± 21.85a 1535.21 ± 77.30b 2341.68 ± 104.76c 3494.13 ± 148.63d 21846.26 ± 1055.31e
TCO2 (µmol kg-1 SW)† 2272.95 ± 14.85a 2396.34 ± 19.75b 2469.47 ± 12.96c 2549.17 ± 21.43d 3523.37 ± 67.34e
ΩCalcite† 2.640 ± 0.095a 1.242 ± 0.057b 0.849 ± 0.031c 0.587 ± 0.022d 0.116 ± 0.007e
ΩAragonite† 1.682 ± 0.061a 0.791 ± 0.036b 0.541 ± 0.020c 0.374 ± 0.014d 0.074 ± 0.004e
HCO3- (µmol kg-1 SW)† 2137.02 ± 13.82a 2281.07 ± 18.20b 2337.58 ± 11.43c 2380.36 ± 17.67d 2618.70 ± 36.03e
CO32- (µmol kg-1 SW)† 110.10 ± 4.04a 51.79 ± 2.40b 35.36 ± 1.30c 24.45 ± 0.91d 4.84 ± 0.28e
6.50
6.50
8.05 7.80 7.60 7.35
8.05 7.80 7.60 7.35
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3.3.2 Mortality 
 
Mortalities were noted in all treatments during the course of the exposure; however 
cumulative mortality was higher at low pH. At pH 8.05 and pH 7.80 mussel survival 
was 93.75 %  after the initial 90 d exposure, whereas at pH 7.60 survival fell to 89.58 
%. Survival of mussels at pH 7.35 dropped to 81.25 % over the duration of the 
exposure. The most significant reduction in mussel survival was noted at pH 6.50, 
where survival was 33.33%.  When the impact of temperature on mussel survival is 
considered, increased temperature appears to increase the sensitivity of mussels to low 
pH. At 12.5 °C mussel survival was maintained above 91 % at pH 8.05, pH 7.80, pH 
7.60 and pH 7.35 (Fig 3.4a), however at pH 6.50 survival fell to 45.83%. Conversely, at 
17.0 °C mussel survival was only maintained above 91 % at pH 8.05 (Fig 3.4b). At pH 
7.80 and pH 7.60 survival was shown to drop to 87.50 %, whereas at pH 7.35 survival is 
shown to fall to 66.67%. The greatest reduction in survival however is shown at pH 
6.50, in mussels maintained at 17.0 °C, where survival was shown to drop to just 20.85 
% during the experimental exposure (Fig 3.4b). An inoculation with the pathogenic 
bacteria, Vibrio tubiashii, was not shown to further impact mussel mortality at any pH. 
 
3.3.3 Antibacterial activity of cell-free haemolymph 
 
As shown in Fig. 3.5a, an extreme reduction in seawater pH significantly reduced the 
antibacterial activity of cell-free haemolymph in mussels after an initial 90 day exposure 
(Pseudo-F = 8.68, d.f. = 4, p = 0.005). Pair-wise analyses showed that mussels 
maintained at pH 6.50 had a significantly lower antibacterial activity compared to 
mussels maintained at all other pH levels (Fig. 3.5a), with the ability of  cell free   
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Figure 3.4 Percentage survival of Mytilus edulis maintained under control and acidified 
seawater conditions at a) 12.5 °C and b) 17.0 °C. Data show the percentage survival of the 
mussel population, pooled within treatment, over the duration of the experimental exposure. 
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Figure 3.5 Antibacterial activity of mussel cell-free haemolymph, expressed as the inhibition of 
bacterial growth by cell-free haemolymph as a percentage of control bacterial growth, after 
exposure to low seawater pH. a) The bacterial growth inhibition of mussel haemolymph after an 
initial 90 day exposure (data are pooled for temperature and gender, N = 60 individuals). b) The 
change in antibacterial activity of mussel haemolymph after inoculation with Vibrio tubiashii 
(data are pooled from 1 d and 7 d post inoculation, as well as for temperature and gender, N = 
84 individuals). Values are means (± S.E.). Significant differences (p ≤ 0.05) between treatment 
levels are indicated by an asterisk and based on pair-wise tests. 
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Figure 3.6 Antibacterial activity of cell-free haemolymph, expressed as the inhibition of 
bacterial growth by cell-free haemolymph as a percentage of control bacterial growth, following 
an initial 90 day exposure to increased seawater temperature. Values are means (± S.E.). Data 
are pooled for pH and gender. Significant differences (p ≤ 0.05) between treatment levels are 
indicated by an asterisk and based on pair-wise tests. N = 60 individuals. 
 
haemolymph to inhibit bacterial growth reduced by 35 % compared to controls. 
Temperature  impacted antibacterial activity of mussel haemolymph in the absence of a 
pathogen (Pseudo-F = 4.78, d.f. = 1, p = 0.042), with mussels maintained at the elevated 
temperature of 17.0 °C having an enhanced ability to inhibit bacterial growth compared 
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measured at day 90, whereas mussels maintained at pH 8.05, 7.80, 7.60 and 7.35 
reduced the antibacterial activity of their haemolymph by around 4% (Fig. 3.5b).  
Alongside reduced seawater pH, gender was also shown to affect the impact of a 
bacterial exposure on the antibacterial activity of mussel haemolymph (Pseudo-F = 
9.15, d.f. = 1, p = 0.004). Inoculation with a pathogen was shown to increase the ability 
of cell-free haemolymph to inhibit bacterial growth in females, whereas in males 
antibacterial activity is reduced following a pathogenic exposure (Fig. 3.7). The 
duration of a bacterial exposure did not significantly affect the impact of reduced 
seawater pH, increased temperature or gender on the antibacterial activity of 
haemolymph, with no difference in the response measured 1 day and 7 days post 
inoculation.  
 
 
Figure 3.7 The change in antibacterial activity of cell-free haemolymph in male and female 
mussels, expressed as a change in the bacterial growth inhibition of cell-free haemolymph as a 
percentage of control bacterial growth, following an inoculation with Vibrio tubiashii. Values 
are means (± SEM). Data pooled from 1 d and 7 d post inoculation as well as for pH and 
temperature. Significant differences (p ≤ 0.05) between treatment levels are indicated by an 
asterisk and based on pair-wise tests. N = 84 individuals. 
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3.3.4 Total cell count 
 
Following an initial 90 day exposure, pH significantly affected total haemocyte 
numbers within mussel haemolymph (Pseudo-F = 3.10, d.f. = 4, p = 0.026). Pair-wise 
 
  
 
Figure 3.8 a) The effect of reduced seawater pH on the number of circulating haemocytes per 
ml of haemolymph (data pooled for temperature and gender) and b) the effects of reduced 
seawater pH and temperature on the number of circulating haemocytes per ml of haemolymph 
in mussels (data pooled for gender). Values are means (± S.E.). Significant differences (p ≤ 
0.05) between treatment levels are indicated by different letters and based on pair-wise tests. N 
= 60 individuals. 
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analyses indicated that total cell counts in mussels maintained at pH 7.60 were 
significantly higher than measured in mussels maintained at either pH 7.80 or 6.50 (Fig. 
3.8a). However, as can be seen in Fig. 3.8a, total cell counts are naturally variable and 
the response shown at reduced seawater pH falls within the natural variability noted at 
pH 8.05.  
 Seawater pH was also shown to interact with temperature to affect total cell 
counts (Pseudo-F = 2.71, d.f. = 4, p = 0.04). At 12.5 °C mussels maintained at pH 7.80 
and 6.50  had a significantly lower haemocyte count compared to mussels maintained at  
pH 7.60 or 7.35. Yet at 17.0 °C total cell counts were only lower in mussels maintained 
at pH 7.80 compared to those at pH 7.60. However, none of the total cell counts 
measured in mussels maintained at any of the reduced pH levels, or at either 
temperature, was shown to be significantly different to that measured at pH 8.05 (Fig. 
3.8b). 
  Exposure to reduced seawater pH significantly affected the change in the 
number of circulating haemocytes in mussels exposed to V. tubiashii (Pseudo-F = 4.75, 
d.f. = 4, p = 0.003). However, contrary to the pattern shown after an initial 90 day 
exposure, pair-wise analyses indicate that control mussels reduce the number of 
circulating haemocytes in response to a bacterial challenge, whereas there was no 
significant change in total cell counts in mussels maintained at all other pH levels (Fig. 
3.9a). Gender was also shown to affect the ability of mussels to alter the number of 
circulating haemocytes in response to a pathogenic challenge. Females significantly 
reduced the number of haemocytes in haemolymph when encountering V. tubiashii, 
while males slightly increased haemocyte numbers (Pseudo-F = 4.41, d.f. = 1, p = 
0.042) (Fig. 3.9b). Again duration of a bacterial exposure did not affect total haemocyte 
counts.  
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Figure 3.9 The change in the number of circulating haemocytes in mussels, expressed as the 
absolute change in cells per ml of haemolymph, following an inoculation with Vibrio tubiashii. 
a) The effect of reduced seawater pH on the change in the number of circulating haemocytes 
(data pooled from 1 d and 7 d post inoculation, and for temperature and gender). b) The effect 
of gender on the change in the number of circulating haemocytes (data pooled from 1 d and 7 d 
post inoculation as well as for pH and temperature). Values are means (± S.E.). Significant 
differences (p ≤ 0.05) between treatment levels are indicated by an asterisk and based on pair-
wise tests. N = 84 individuals. 
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3.3.5. Differential cell counts 
 
After the initial 90 day exposure to experimental conditions, the only factor shown to 
significantly affect the proportion of circulating eosinophilic haemocytes was gender, 
with males shown to have a significantly greater proportion of eosinophils in their 
haemolymph compared to females (Pseudo-F = 4.37, d.f. = 1, p = 0.039) (Fig. 3.10).  
 Gender also significantly affected the impact of a pathogen exposure on 
differential cell counts (Pseudo-F = 4.98, d.f. = 1, p = 0.029). Females were shown to 
increase the proportion of circulating eosinophils within their haemolymph following a 
pathogen exposure, whilst males were shown to decrease eosinophils (Fig. 3.11a). 
Furthermore, gender was shown to affect how the proportion of circulating haemocytes 
changed over the seven days following a bacterial exposure (Pseudo-F = 6.70, d.f. = 1, p 
= 0.006) (Fig. 3.11b). Initially, one day after a pathogen exposure, females were shown 
to decrease the proportion of eosinophils in their haemolymph compared to female 
mussels measured pre-inoculation, whilst males were shown to subtly increase the 
proportion of eosinophils compared to pre-inoculation males (Fig. 3.11b). Conversely, 
seven days after a pathogen exposure, the proportion of eosinophils in female 
haemolymph was shown to have increased significantly compared to the level measured 
in females both pre- and one day post-inoculation. Furthermore, whilst not shown to be 
statistically significant, the proportion of eosinophils in male haemolymph was shown 
to have reduced seven days after inoculation compared to mussels measured pre- and 
one day post-inoculation (Fig. 3.11b). 
 Finally, exposure to reduced seawater pH was shown to affect the proportion of 
circulating eosinophilic haemocytes, following a pathogen exposure (Pseudo-F = 7.00, 
d.f. = 1, p = 0.001).  Mussels maintained at pH 7.60 significantly increased the 
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proportion of eosinophils within their haemolymph when exposed to V. tubiashii 
compared to mussels at maintained at this pH sampled prior to a bacterial inoculation. 
Conversely, no significant difference was measured between mussels maintained at all 
other pH levels and sampled pre and post-inoculation (Fig. 3.12). 
 
 
Figure 3.10 The effect of gender on the proportion of circulating eosinophilic haemocytes, 
expressed as the relative percentage of eosinophils in the total haemocyte fraction, following an 
initial 90 day exposure to experimental conditions. Values are means (± S.E.). Data are pooled 
for pH, temperature and bacterial exposure. Significant differences (p ≤ 0.05) between treatment 
levels are indicated by an asterisk and based on pair-wise tests. N = 133 individuals. 
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Figure 3.11 The change in the proportion of circulating eosinophils in mussel haemolymph 
following an inoculation with Vibrio tubiashii, expressed as the change in the relative 
percentage of eosinophils compared to the response measured pre-inoculation. The effect of: a) 
gender on the proportion of eosinophils (data are pooled from mussels sampled 1 d and 7 d post 
inoculation as well as for pH and temperature), b) gender and the duration of a bacterial 
exposure on the proportion of eosinophils (data are pooled for pH and temperature). Values are 
means (± S.E.). Significant differences (p ≤ 0.05) between treatment levels are indicated by 
different letters and based on pair-wise tests. N = 83 individuals. 
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Figure 3.12 The effect of reduced seawater pH on the change in circulating eosinophil 
proportion in mussel haemolymph following an inoculation with Vibrio tubiashii, expressed as 
the change in the relative percentage of eosinophils compared to the response measured pre-
inoculation. Values are means (± S.E.). Data are pooled from mussels measured 1 d and 7 d post 
inoculation as well as for temperature and gender. Significant differences (p ≤ 0.05) between 
treatment levels are indicated by an asterisk and based on pair-wise tests. N = 83 individuals. 
 
3.4 DISCUSSION 
 
Exposure to reduced seawater pH and increased temperature is shown to reduce mussel 
survival and immune system maintenance. This result largely supports the findings of 
Bibby et al. (2008), Hernroth et al. (2011) and Matozzo et al. (2012), which are the only 
published studies to date to have investigated the impact of OA on the immune response 
of marine invertebrates. However, in contrast to these previous studies, in the present 
study reduced seawater pH is only shown to impact mussels at a level expected to occur 
in conjunction with a catastrophic leak from a CCS storage site, with the mussels used 
in this study seemingly tolerant of seawater acidification predicted to occur within the 
next 100 years (IPCC, 2007). Whilst mussels seem tolerant to the levels of reduced 
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seawater pH predicted to occur by the end of the current century, a concurrent exposure 
to elevated temperature increases the sensitivity of these mussels, further reducing 
survival. A reduction in immune system maintenance at low pH could indicate reduced 
immunocompetence, and thus an increased susceptibility to disease, in mussels. 
However in the current study, a subsequent exposure to a pathogenic bacterium led to 
an up-regulation in the immune response, suggesting that the initial reduction was a 
physiological trade-off, rather than a negative impact of acidification on immune system 
functionality, as has been suggested previously (Bibby et al., 2008). This result could 
have significant consequences for the perceived susceptibility of mussels to 
anthropogenic climate change. 
 
3.4.1 The impact of anthropogenic climate change on mussel mortality 
 
Reduced seawater pH is shown to significantly reduce mussel survival over a 90 day 
exposure to experimental conditions in mussels maintained at 12.5 °C. However, 
survival is only impacted in mussels maintained at pH 6.50. In showing no impact of 
OA on mussel mortality, at a level predicted to occur within the next 100-300 years 
(Caldeira and Wickett, 2005; IPCC, 2007), this study supports previous research that 
has shown mussels are relatively resilient to changes in seawater carbonate chemistry 
(e.g. Ries et al., 2009; Thomsen et al., 2010; Thomsen and Melzner, 2010). The mussels 
used in the current study were collected from an intertidal estuarine mussel bed. Such 
habitats frequently experience CO2 concentrations significantly higher than expected 
from equilibrium with the atmosphere (Feely et al., 2010; Frankignoulle et al., 1998), 
with estuarine pH ranges of 6.7-8.9 reported (Attrill et al., 1999). Therefore in 
maintaining survival at reduced seawater pH, the mussels used in this experiment may 
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be pre-adapted to coping with the impact of low pH. Such resistance to naturally 
acidified seawater has been demonstrated by Thomsen et al. (2010), where a population 
of mussels from Kiel fjord, naturally exposed to pH values <7.5 during summer and 
autumn periods, maintained calcification, somatic growth and juvenile recruitment.    
 In showing a reduced survival of mussels maintained at pH 6.50, these findings  
support Bamber (1990) who demonstrated an exposure to a pH of ≤ 6.5 significantly 
increased mortality in these ecosystem engineers. Such low pH conditions may be 
experienced during a catastrophic leak from sub-seabed CO2 storage (Blackford et al., 
2009). This means any proposed mitigation project would need to carefully consider the 
impact of a leak on the local ecosystem and its resident fauna. However, with carbonate 
chemistry already shown to fluctuate drastically in near shore coastal areas (Andersson 
and Mackenzie, 2011; Frankignoulle et al., 1998), and with pH ranges in these habitats 
already shown to far exceed those projected to occur in the open ocean (Attrill et al., 
1999; Feely et al., 2010; Morris and Taylor, 1983), OA may also result in these extreme 
pH conditions (i.e. pH 6.50) being prevalent in near shore coastal areas within the next 
100-300 years (Feely et al., 2008; Pelejero et al., 2010). If this were to occur it could 
have a devastating impact on the population dynamics of the organisms residing in these 
coastal zones, significantly impacting the aquaculture practices which occur in these 
productivity ‘hot spots’ (Turley and Boot, 2010).  
 Whilst this present study appears to support the findings of Bamber (1990), care 
should be exercised when comparing studies using different methods of seawater 
acidification. In the current study seawater was acidified via the addition of CO2 gas 
which is suggested as the most applicable method for understanding the impact of OA 
(Gattuso and Lavigne, 2009). However, Bamber (1990) used the addition of a strong 
acid to lower seawater pH, which does not alter seawater carbonate chemistry 
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comparably to CO2 bubbling (Gattuso and Lavigne, 2009). Therefore the extent to 
which the data generated by Bamber (1990) can be used to understand the ecological 
implications of anthropogenic climate change is questionable.  
 The only other study to date to have measured mussel survival in response to 
OA using the addition of CO2, was carried out by Beesley et al. (2008). In contrast to 
the current study however, these authors reported mussel survival to be unaffected by 
reduced seawater pH at any level, including pH 6.5. However, whilst this result appears 
to directly contradict the current findings, it is again crucial to carefully consider the 
experimental protocol used in each study, and consequently the experimental conditions 
each study reports. Beesley et al. (2008) measured a significant increase in seawater pH 
between header tank and exposure tanks in the pH 6.5 treatment (measuring an increase 
from pH 6.5 to 7.36). These authors suggest that this increase in seawater pH was 
caused by the dissolution of mussel shells, a response that has subsequently been 
measured in mussels exposed to OA (Melzner et al., 2011). However, whilst in the 
present study it is likely that reduced seawater pH led to the dissolution of mussel 
shells, the flow of seawater was maintained at a sufficient rate to ensure that this 
dissolution did not subsequently affect the pH of seawater in the exposure chambers. As 
a result no significant difference was measured between the pH of header tanks and 
exposure chambers at this treatment level. Consequently, in showing no mortality in the 
pH 6.5 treatment (analogous to the pH 7.35 exposure in the current study), the study by 
Beesley et al. (2008) supports the current research that suggests mussels are resilient to 
seawater acidification predicted to occur by 2300 (IPCC, 2007). 
 As well as showing an impact of reduced seawater pH on mussel mortality, this 
is the first study to date to have investigated the combined impact of OA and elevated 
temperature on adult mussel survival, with temperature shown to compound the effect 
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of reduced seawater pH. Anthropogenic climate change is causing a gradual decrease in 
seawater pH and a concomitant increase in seawater temperature (IPCC, 2007). 
Therefore, to fully understand how climate change will impact marine organism 
survival it is essential to study how these two stressors interact. The increased 
sensitivity of mussels to reduced seawater pH, when concurrently exposed to increased 
temperature, highlights the fact that organisms may be more vulnerable to climate 
change over the next 100 - 300 years than suggested by single stressor studies.  
 
3.4.2. The impact of reduced seawater pH, increased temperature and gender on 
immune system maintenance     
 
Adult mussels exposed to reduced seawater pH demonstrated a significant reduction in 
their immune response following an initial 90 day exposure, with antibacterial activity 
and total cell counts being impacted at low seawater pH. In showing immune system 
maintenance to be compromised by seawater acidification, this study therefore supports 
previous research where a reduction in seawater pH was shown to reduce phagocytic 
activity (Bibby et al., 2008), as well as  lysozyme-like activity of cell free haemolymph 
(Matozzo et al., 2012), in mussels. Bibby et al. (2008) found that a 32 day exposure to 
OA reduced the ability of impacted mussels to increase phagocytic activity when 
compared to controls, and suggest that exposure to acidified seawater may therefore 
impact the ability of stressed mussels to express an immune response. Similarly, 
Matozzo et al. (2012) demonstrated that mussels reduced lysozyme-like activity of cell-
free haemolymph following a 7 day exposure to pH 7.7 or 7.4. However, whilst the 
studies by Bibby et al. (2008) and Matozzo et al. (2012) noted a reduction in phagocytic 
activity as a decreasing function of seawater pH, in the current study antibacterial 
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activity of cell-free haemolymph was only impacted at a seawater pH of 6.50.  
 It is possible that the difference noted in the immune response of mussels 
exposed to reduced seawater pH in the present study, and those of Matozzo et al. (2012) 
and Bibby et al. (2008), may be as a result of seasonal differences in the resource 
allocation of organisms studied. Previous research has shown the immune system of 
bivalve molluscs is significantly affected by season, with organisms demonstrating a 
reduced immune response during summer spawning, compared to spring and autumn, as 
a result of a reallocation of energetic resources from host defence to reproduction 
(Matozzo et al., 2003; Pipe et al., 1995b). In the present study organisms were collected 
in December and maintained in the laboratory until March, a period of energy 
reconstitution that avoids studying organisms during spawning in the population studied 
(Lowe et al., 1982). Conversely, Bibby et al. (2008) sampled organisms in June, during 
a summer spawning period. It is therefore possible that the reduction in phagocytic 
activity measured in organisms exposed to pH 7.7 and 7.4 seawater in the Bibby study 
may be as a result of a reduction in the energy available for host defence, as a result of 
the increased cost of maintaining homeostasis, as well as the energetically costly 
process of spawning. However, whilst a seasonal difference in the energy allocated to 
host defence may explain the contrasting results noted by Bibby et al. (2008) and this 
thesis, Matozzo et al. (2012) also studied mussels during winter. Thus a seasonal 
difference in immune system maintenance cannot fully explain the apparently 
contrasting results noted in studies investigating the impact of reduced seawater pH on 
mussel host defence.     
 Alternatively, as discussed in Section 3.4.1, it is possible the tolerance to low 
seawater pH noted in the mussels used in the current study is an adaptation to the 
natural conditions experienced in the intertidal estuarine habitat from which they were 
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collected. The mussels used in the study by Bibby et al. (2008) were collected from 
Trebarwith Strand, which is an exposed rocky shore population that is likely to 
experience different local conditions to the mussels from Exmouth. Similarly, Matozzo 
et al. (2012) collected organisms from along the west coast of the North Adriatic sea, 
which will again likely experience different environmental conditions from those noted 
in an intertidal estuarine habitat (Borges and Gypens, 2010; Borges et al., 2006). It is 
therefore possible that the difference in immune system tolerance between the 
populations studied in each of the three studies is due local adaptation. Parker et al. 
(2011) also demonstrated the response in two populations of bivalve, in this case the 
Sydney rock oyster, Saccostrea glomerata, to vary significantly when exposed to OA. 
These authors suggest that variability noted in the sensitivity of different populations to 
climate change may have a vital role to play in the protection of important aquaculture 
practices under future climate change scenarios, as selective breeding of resistant 
organisms may help to produce more tolerant populations. This in turn may therefore 
safeguard economic activities from climate change associated loss (Parker et al., 2011). 
However, local adaptation could also have significant consequences for the perceived 
vulnerability of a species to climate change, with any population specific sensitivity 
needing to be accounted for when predicting the response of a species to climate change 
at a global level. 
 In addition to seasonal differences in host defence and local adaptation of 
populations, it is possible that the contrasting results noted by Bibby et al. (2008), 
Matozzo et al. (2012) and this thesis may be a result of the complex mussel speciation 
in the north-west Atlantic. Matozzo et al. (2012) studied the response in Mytilus 
galloprovincialis, whilst the present study measured the response of mussels collected 
from a site confirmed to comprise of pure M. edulis (Hilbish et al., 2002). Conversely, 
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Bibby et al. (2008) studied mussels from a population proposed to fall within a Mytilus 
hybrid zone. Therefore, it is possible that, in predominantly occupying sheltered 
habitats under freshwater influence (Bierne et al., 2003), the reduced sensitivity noted in 
M. edulis in the present study may be due to a genetic adaptation of this species to 
reduced seawater pH. 
 Whilst the apparent difference in immune system tolerance between the mussels 
used in this study and those used by Bibby et al. (2008) may be due to local adaptation, 
the complex mussel speciation in south-west England or seasonal factors, it is also 
possible that this varying response is due to the different sensitivity of immune system 
parameters measured.  It is widely accepted that the perceived sensitivity of the immune 
system is often dictated by the immune parameters chosen as an immunocompetence 
proxy (Ellis et al. 2011). Bibby et al. (2008) measured a reduction in the capacity of 
mussels to up-regulate phagocytic activity, with phagocytosis being carried out by the 
haemocytes in bivalves (Pipe et al., 1995a). Therefore in measuring a disruption in 
phagocytic activity, Bibby and colleagues (2008) suggest that altered seawater 
carbonate chemistry disrupts haemocyte function, and thus cellular immunity. However, 
in measuring a reduction in antibacterial activity the present study measured an impact 
of reduced seawater pH on humoral immunity.  
 Phagocytic activity was not measured in the current study, and therefore it is not 
possible to directly compare the impact of reduced seawater pH on cellular immunity 
between this study and that of Bibby et al. (2008). Nonetheless, reduced seawater pH 
was shown to impact total haemocyte counts in the present study, with mussels exposed 
to pH 7.60 and 7.35 increasing the number of circulating haemocytes in their 
haemolymph compared to mussels maintained at pH 7.80. An increased total blood cell 
count has been shown in mussels under increasing levels of stress, with an exposure to 
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an increasing temperature (Renwrantz, 1990), cadmium concentration (Coles et al., 
1994a) and fluoranthene concentration (Coles et al., 1994b) leading to an increase in the 
number of circulating haemocytes. Furthermore, a higher number of circulating 
haemocytes has been shown in mussels inhabiting contaminated sites within the 
Mediterranean, compared to individuals from uncontaminated reference sites (Auffret et 
al., 2006). Thus, moderate seawater acidification predicted to occur within the next 100 
- 300 years (IPCC, 2007) would appear to impact the cellular immune response of 
mussels from Exmouth, supporting the findings of Bibby et al. (2008).  
 Conversely, at pH 6.50 haemocyte number was not shown to increase compared 
to mussels maintained at pH 7.80.  A similar stress response was shown by Pipe et al. 
(1999), where exposure to increasing copper concentrations (0.02 mg l-1 and 0.05 mg l-
1) were shown to increase haemolymph cell counts these bivalves, however beyond a 
concentration of 0.2 mg l-1 no increase in haemolymph cell counts was measured. These 
authors suggest the inability of mussels exposed to the very high copper concentrations 
to increase haemolymph cell counts may be due to the toxic impact of the metal on 
haemocytes themselves, or due to the movement of haemocytes out of circulation and 
into tissues. Therefore it is possible in the current study mussels maintained at pH 6.50 
may be moving haemolymph cells out of circulation in order to minimise the 
pathological impacts of an exposure to reduced pH, indicating a significant level of 
stress. 
 Whilst the number of circulating haemocytes is seemingly impacted by reduced 
seawater pH in mussels from Exmouth, this result needs to be interpreted with caution. 
Haemocyte numbers are typically variable and shown to fluctuate greatly (Parry and 
Pipe, 2004), in the current study the haemocyte counts in mussels maintained at reduced 
seawater pH, despite being different between acidification treatments, all fell within the 
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natural variability measured within the control group. Thus the response of supposedly 
impacted mussels may merely be a result of natural variability, and immunocompetence 
may remain unaffected.  
 As with mortality, elevated temperature is also shown to significantly impact the 
mussel immune response, significantly increasing the antibacterial activity of cell-free 
haemolymph. This supports previous research, where Matozzo et al. (2012) noted an 
increase in lysozyme-like activity of cell-free haemolymph in Mytilus galloprovincialis, 
whilst  Monari et al. (2007) demonstrated an increase in the antibacterial activity of the 
striped venus clam, Chamelea gallina, when exposed to increased seawater 
temperatures. It is widely accepted that temperature is shown to affect enzymatic 
activity and metabolism in ectothermic organisms (Somero, 2002). Therefore the 
increase in antibacterial activity measured in the current study, and the increase in 
lysozyme-like activity measured by Monari et al. (2007) and Matozzo et al. (2012), may 
represent an increased activity of hydrolytic enzymes at increasing temperature. Such an 
increase in antimicrobial activity with increased temperature was also shown the in the 
green shore crab, Carcinus maenas, where the activity of antimicrobial proteins was 
shown to be highest at high temperatures (Chrisholm and Smith, 1994). In measuring an 
elevated antimicrobial activity at increased temperature it is possible that the rise in 
seawater temperature predicted to occur within the next 100 - 300 years (IPCC, 2007) 
may counteract any reduction in immune system maintenance caused by a concomitant 
reduction in seawater pH. 
 Alongside measuring a significant impact of reduced seawater pH and increased 
temperature on immune system maintenance in the mussel, M. edulis, this is also the 
first study to demonstrate a gender difference in the immune response of this bivalve 
species. Females are shown to have a higher proportion of eosinophils within the 
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haemolymph compared to males. Haemocytes can be separated into different functional 
groups based on morphological and staining characteristics (Pipe et al., 1999), with 
different subpopulations undertaking separate functions with respect to an organisms 
immune response. In bivalves granular eosinophils are thought to be more phagocytic 
(Foley and Cheng, 1975) and account for most peroxidase and phenoloxidase activity 
(Pipe et al., 1997). Therefore, in measuring a higher proportion of eosinophils, females 
appear to maintain a higher immunocompetence than males when exposed to stressful 
environmental conditions. This would appear to support the dogma of sexual selection, 
with males, who are limited in their reproductive success by the number of females they 
can inseminate taking a more risk-prone strategy compared to females, who are limited 
by the far less variable number of offspring they are able to produce (Andersson, 1994; 
Trivers, 1972; Zuk et al., 2004). In appearing to invest less energy in immune system 
maintenance, males may therefore enable a greater allocation of resources to 
reproduction. However, any reduced allocation of energy to immune response could 
have significant consequences for the survival of the organism.  
 
3.4.3. Response of the immune system to a bacterial challenge 
 
In measuring a reduced  immune response in mussels exposed to OA the current study 
supports the findings of Bibby et al. (2008) and Matozzo et al. (2012). However, whilst 
a reduced immune response may suggest reduced immune system functionality, when 
measured in the absence of a pathogen it is impossible to accurately assess the impact of 
any immune suppression on organism fitness. The evolved function of the immune 
system is to protect a host from any pathogenic challenge, ensuring survival. Its 
magnitude is therefore contingent on the presence and identity of any parasite, alongside 
Chapter 3                                                                                                                            Immune Response 
- 109 - 
 
the fitness priorities of the host (Martin et al., 2010). With the resources an organism 
allocates to different life history traits, such as defence, reproduction or metabolism, 
coming from a finite energetic pool, such processes must trade-off against each other in 
order for an organism to maintain optimal fitness (Roff, 1992; Sibly and Calow, 1986). 
Under stressful environmental conditions, and in the absence of a pathogen, an 
organism may therefore trade-off the costs of immune system maintenance, reallocating 
these resources instead to other costly physiological processes in an attempt to 
maximise fitness (Lochmiller and Deerenberg, 2000; Sheldon and Verhulst, 1996; Zuk 
and Stoehr, 2002). However, an organism that has down-regulated immune system 
maintenance may maintain the ability to up-regulate its immune response when 
required, ensuring immunocompetence and the ability of an organism to survive a 
pathogenic challenge remains unaffected. Immune system regulation should therefore 
be measured functionally, rather than immunologically, in the presence of a pathogen 
(Viney et al., 2005).  
 In exposing mussels to the pathogenic bacterium, V. tubiashii, the current study 
was able to demonstrate that the initial reduction in immune system maintenance was in 
fact a physiological trade-off induced by environmental stress. Mussels maintained at 
pH 6.50, which had initially reduced the antibacterial activity of their haemolymph, 
reversed this trade-off when a pathogen was encountered. Whilst an exposure to a 
pathogenic challenge has been demonstrated to alter immune system regulation in a 
number of previous studies (e.g. Cellura et al., 2006, 2007; Ciacci et al., 2009; Kim et 
al., 2008; Rodríguez-Ramos et al., 2010), this is the first study to demonstrate a 
reversible trade-off of in immune maintenance costs in an invertebrate exposed to 
stressful environmental conditions. Such plasticity in immune system maintenance, and 
an apparent ability to control resource allocation between different physiological 
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processes, could have major implications for the interpretation of an organism’s 
response to anthropogenic climate change. However, to fully understand the impact of a 
physiological trade-off on an organism’s fitness it is vital to study the concurrent impact 
on other vital life-history traits. Wood et al. (2008) demonstrated an exposure to 
reduced seawater pH led to an increase in calcification in the brittlestar Amphiura 
filiformis. However whilst increased calcification was shown to ameliorate the impact 
of OA, it came with a physiological cost measured as an increase in muscle wastage 
(Wood et al., 2008). Therefore whilst the reallocation of resources between different 
physiological processes may reduce the immediate impact of unfavourable 
environmental conditions, the extent to which this strategy will be sustainable in the 
long term will depend on an organism’s condition and energetic reserves (Wood et al., 
2008, 2010). 
 Alongside demonstrating an impact of seawater pH on the change in 
antibacterial activity, reduced pH is also shown to impact total and differential cell 
counts in mussels exposed to V. tubiashii. An exposure to a pathogen reduced the 
number of circulating haemocytes in mussel haemolymph, supporting previous research 
by Ciacci et al. (2009). However, this response was only demonstrated in mussels 
maintained at pH 8.05, with the total cell count in mussels maintained at all other pH 
levels remaining unchanged by a bacterial inoculation. Conversely, a bacterial exposure 
was only shown to impact the proportion of circulating eosinophils in mussels 
maintained at pH 7.60. Haemocytes are responsible for phagocytic activity (Pipe et al., 
1995a), and phagocytosis is the principle mechanism of bacterial clearance in molluscs 
(Parry and Pipe, 2004). Therefore it is possible that a reduction in the number of 
circulating haemocytes in response to a pathogenic challenge could be due in part to an 
increase in phagocytosis. Thus, in only showing a reduced cell count in control mussels, 
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reduced seawater pH could be inhibiting an increase in phagocytic activity in response 
to a subsequent bacterial challenge. However, with granular eosinophils thought to be 
more phagocytic (Foley and Cheng, 1975), any change in phagocytosis would be 
expected to induce a concomitant change in the proportion of haemocyte sub-
populations. This response was demonstrated by Ciacci et al. (2009) where in concert 
with a reduction in total cell counts, an inoculation with bacteria induced a large 
decrease in the proportion of large granulocytes. Yet, in showing no change in 
haemocyte sub-populations in mussels exposed to bacteria at pH 8.05, and in only 
showing a slight increase in the proportion of eosinophils in response to a bacterial 
challenge in mussels maintained at pH 7.60, the impact of seawater pH on differential 
cell counts would not appear to support this hypothesis in the current study. 
Nonetheless, in not having measured phagocytic activity directly, and with some 
uncertainty still surrounding the exact function of different haemocyte sub-populations 
(Pipe et al., 1999), the exact impact of reduced seawater pH on phagocytosis in the 
current study is not clear. 
 Whilst seawater pH is shown to impact the cellular and humoral immune 
response of mussels exposed to a pathogenic challenge, gender is also demonstrated to 
affect the response of mussels to V. tubiashii. Females are proposed to benefit from 
longevity, with a greater immune defence ensuring long-term survival, yet conversely 
males are proposed to invest more in immediate reproductive effort, often at the expense 
of immunity (Stoehr, 2007; Zuk and Stoehr, 2002). Therefore the balance of costs and 
benefits of defence is suggested to lead to sexual dimorphism in immunocompetence, 
with females proposed to have a greater immune defence (Stoehr, 2007). In showing 
females to significantly decrease the number of circulating haemocytes, significantly 
increase the antibacterial activity of cell-free haemolymph and significantly increase the 
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proportion of eosinophils to a greater extent than males, when exposed to a pathogen, 
this study would appear to support the suggestion of sexual dimorphism in 
immunocompetence. Furthermore, with females reducing the number of circulating 
haemocytes in response to a pathogen, a response that is comparable to organisms 
maintained at control pH, and with females increasing antibacterial activity of cell free 
haemolymph compared to males, it would also appear females invest more in defence 
than males. Such a differing strategy of immune investment between males and females, 
both in immune system maintenance and in response to a bacterial exposure, could have 
a significant consequence for the response of mussel populations to an outbreak of 
disease.   
 
3.4.4. Conclusions 
 
The current study demonstrates that the survival and immune response of mussels 
appears to be impacted by reduced seawater pH. However, this response only became 
apparent at a level of seawater acidification that is predicted to occur in conjunction 
with a catastrophic leak from a sub-seabed geological CO2 storage site. This estuarine 
population of mussels is therefore seemingly tolerant to moderate fluctuations in 
carbonate chemistry, yet when concurrently exposed to increased temperatures the 
sensitivity of mussels to reduced pH is shown to increase. This result highlights the 
importance of studying multi-stressor exposures. As well as indicating an impact of 
anthropogenic climate change on mussel survival and immune defence, gender is also 
shown to impact mussel immunocompetence, with females shown to maintain a higher 
proportion of circulating eoisinophils compared to males. 
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 Alongside investigating the impact of anthropogenic climate change on mussel 
immune system maintenance, this study also measured the impact of a subsequent 
pathogenic challenge on host immune defence. Exposure to V. tubiashii highlighted that 
an initial reduction in humoral immunity in mussels exposed to low seawater pH was in 
fact a trade-off of immune system maintenance costs. In reallocating the energy 
afforded to immune system maintenance under stressful conditions, yet maintaining the 
ability to up-regulate immune defence when required, mussels may be better able to 
cope with the energetic requirements of surviving in a sub-optimal environment. 
However, such physiological trade-offs likely come at a cost, which must be paid in 
terms of other life-history traits such as reproduction or growth (Roff, 1992; Sibly and 
Calow, 1986; Stearns, 1992). The sustainability of such a strategy therefore will depend 
on an organisms energy reserves and the detrimental impact of a reduction in energy 
allocated to other processes (Wood et al., 2008, 2010).  
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CHAPTER 4.  REPRODUCTIVE PROVISION AND 
ORGANISM CONDITION 
 
 
 
The cost of stress resistance in Mytilus edulis: The effect of CO2-induced seawater 
acidification, increased temperature and a bacterial challenge on reproductive 
provisioning and organism condition. 
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4.1. INTRODUCTION 
 
The immune response is a major physiological mechanism that protects against a 
pathogenic challenge and thus ensures host survival (discussed in Chapter 1; Ellis et al., 
2011; Lochmiller and Deerenberg, 2000). Yet, mounting an immune response, or 
maintaining the immune response in a state of readiness, is costly (Schmid-Hempel, 
2003; Sheldon and Verhulst, 1996). Owing to finite resources, such costs must therefore 
be traded off against other physiological processes such as reproduction or growth 
(Lochmiller and Deerenberg, 2000; Sheldon and Verhulst, 1996; Steiger et al., 2011). 
However, whilst successfully defending itself from a pathogenic challenge would 
ensure a host maintains itself in a given environment, any parallel suppression in 
reproduction could have large and negative consequences for the population dynamics 
of an organism, reducing its persistence within an environment (Petes et al., 2008). 
Therefore, to fully understand the implication of an immune challenge, and the 
subsequent up-regulation of immune defence, it is vital to understand the 
environmental, or life-history, circumstances that would render an increase or decrease 
in the allocation of resources towards other life-history traits, such as reproduction, as 
profitable.  
 Investment in reproduction has been shown to be accompanied by a reduction in 
immune function in a number of taxa (e.g. Adamo et al., 2001; Kerr et al., 2010; Siva-
Jothy et al., 1998; Zuk et al., 2004). Furthermore, a number of studies have shown 
immune challenged individuals to have compromised reproduction and reduced 
fecundity (e.g. Ahmed et al., 2002; Bonneaud et al., 2003; Fevrier et al., 2009; Jacot et 
al., 2004; Kelly, 2011; Kerr et al., 2010). However the extent to which an organism 
must trade-off its resources between different physiological processes will ultimately 
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depend upon its condition, with many fitness-related traits, such as immunocompetence 
and reproduction, being condition dependant (Lochmiller and Deerenberg, 2000; 
Schulte-Hostedde et al., 2005; Zuk and Stoehr, 2002).   
 An organism’s condition, defined nutritionally as its relative energy reserves, 
has important fitness consequences and is often considered as a sign of overall health 
(Moya-Laraño et al., 2008; Schulte-Hostedde et al., 2005; Thomkins et al., 2004). 
Whilst a number of body condition indices have been developed, such as body mass or 
the regression of body mass on an ordinary least squares regression index of body size 
(which attempts to determine the mass of an individual associated with energy reserves 
after correcting for structural body size) (Schulte-Hostedde et al., 2005), much recent 
debate has focused on the validity of these approaches (Green, 2001). However, lipids 
are a major source of metabolic energy (Bergé and Barnathan, 2005), with body fat 
often providing the energy to produce and maintain life-history traits (Kelly, 2011). 
Thus, an organism’s lipid content provides an accurate measure of its condition (Rolff 
and Joop, 2002; Thomkins et al., 2004). In molluscs, lipids provide energy for growth 
when resources are limited and when carbohydrate levels are low (Beninger and Lucas, 
1984; Beukeme and De Bruin, 1979; Pazos et al., 1996, 1997).They also provide an 
important energetic food reserve in bivalve oocytes (Gallager and Mann, 1986; Gallager 
et al., 1986; Helm et al., 1973). Therefore, measuring tissue lipid content arguably 
allows a better assessment of an organism’s condition, its metabolic resource allocation 
and thus  a greater understanding of any physiological trade-offs (Pazos et al., 1997). 
 As discussed in Section 2.3, anthropogenic climate change is projected to lead to 
a concurrent increase in seawater temperature and reduction in seawater pH. Yet whilst 
previous research has shown that exposure to future climate change scenarios has led to 
varying, but often negative impacts on marine organisms (Hendriks et al., 2010; 
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Kroeker et al., 2010), very little is currently known about the impact of anthropogenic 
climate change on reproductive provisioning. Any impact of climate change on gamete 
production could potentially have significant carry-over consequences for population 
biology, possibly affecting larval numbers and larval development, as well as the 
dispersal, distribution and abundance of adults (Kurihara, 2008; Parker et al., 2009, 
2010; Pechenik, 2006). The aim of this chapter is therefore to investigate the impact of 
reduced seawater pH and increased temperature on the reproductive provisioning in the 
blue mussel, Mytilus edulis. By additionally measuring the impact of anthropogenic 
climate change on the lipid content and fatty acid composition of mussel mantle tissue, 
this study will also enable a greater understanding of the trade-off between reproductive 
provisioning and the investment in energy storage in organisms experiencing 
environmental stress. Furthermore, in exposing mussels to a subsequent pathogenic 
challenge, this study will also elucidate the impact of immune system activation on the 
allocation of resources to reproduction under future climate change scenarios, providing 
vital information on stressor induced physiological trade-offs. 
 
4.2. MATERIALS AND METHODS 
 
The adult mussels used in the present study were collected, maintained and sampled 
exactly as described previously in Sections 3.2.1 and 3.2.2 respectively. Briefly, 
mussels were collected during Dec 2009, from an intertidal estuarine mussel bed in 
Exmouth, east Devon, before being returned to the PML mesocosm. Mussels were 
immediately placed in the experimental system (described in Sect. 3.2.1) and 
maintained for 90 days. During the experiment mussels were fed with Isochrysis 
galbana (30 mg dry mass mussel-1 day-1). The impact of reduced seawater pH and 
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increased seawater temperature on the mussel immune response, reproductive status and 
lipid content, was subsequently assessed following an initial 90 day exposure to 
experimental conditions. To test the impact of experimental conditions on the mussel 
immune response haemolymph was extracted from the posterior adductor muscle to 
measure the total cell count, differential cell count and the antibacterial activity of cell-
free haemolymph (described in Sect. 3.2.3). The reproductive status of individuals 
exposed to experimental conditions was assessed histologically (described in Sect. 
4.2.2), whilst tissue lipid content was assessed using GC-MS (described in Sect. 4.2.2 
and 4.2.3). Following this initial sampling time point the remaining mussels in the 
experimental system were then exposed to a bacterial challenge exactly as described in 
Section 3.2.2, and the abovementioned parameters measured again 1 day and 7 days 
post inoculation. 
 
4.2.1 Preparation of tissue sections for histological analysis 
 
Mussel soft-tissues were collected for histological analysis following the protocol used 
by Beesley et al. (2008). To sample soft-tissues, mussel shells were held open using a 
fixed bladed scalpel. A single incision was made to sever the anterior adductor muscle 
to allow access to the mantle cavity. Tissues were completely removed from the shell 
and a transverse slice, containing the digestive gland and mantle tissue, was excised 
from the body mass. These sections were immediately placed in Bakers formal calcium 
(10 % formalin, 1 % calcium chloride and 2.5 % sodium chloride) and stored in fixative 
for a minimum of 24 h at 4 °C. Once fully fixed, specimens were removed from the 
fixative and excess tissue was removed.  
 Using an automatic programmable tissue processor (Pathcentre, Thermo 
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Shandon), samples were then dehydrated, being passed through a graded alcohol series 
(Bakers formal calcium [100 %, 10 min], Industrial Methylated Spirit [IMS; 70 %, 1 h], 
IMS [90 %, 1 h], IMS [100 %, 3 h], IMS / Xylene [50% / 50 %, 1.5 h]), cleared in 
xylene (100 %, 3.5 h) and finally impregnated in paraffin wax over a 5 h period. Once 
impregnated, samples were blocked up in fresh molten wax using a stainless steel 
mould and were allowed to cool at room temperature prior to cutting. Sections, 7 µm 
thick, were cut using a microtome (Microm HM340E, Thermo Scientific) and then 
floated out onto microscope slides, which were coated with (3-Aminopropyl) 
triethoxysilane (A3648, Sigma-Aldrich) to aid adhesion. Dried sections were stained 
using Papanicolaou’s stain (Culling, 1963), which colours adipogranular (ADG) cells 
orange, male reproductive tissues mauve and female reproductive tissues blue, whereas 
vesicular connective tissue (VCT) cells remain unstained (Fig. 4.1) (Lowe et al., 1982). 
Stained slides were then cover slipped before being analysed.  
 The sex of mussels was assessed based on the presence of eggs or sperm in the 
mantle tissue. Where the gender of an individual could not be reliably identified, e.g. 
due to the absence of any gametes, individuals were classified as unsexed. To assess the 
condition of mussel mantle tissue, the volume fraction of the different tissue 
components within the mantle were determined using stereology. Stereology measures 
the relative quantity of different tissue components from within a thin tissue section by 
obtaining a point count, using a Weibel test grid (Lowe et al., 1982). This point count is 
then converted to a volume fraction, through the extrapolation of two dimensional to 
three dimensional space (Briarty, 1975). The stereological protocol outlined by Lowe 
and Moore (1985) was followed. Mantle sections were examined under high power 
magnification (x400) with a Leitz (Leitz Wetzlar) compound microscope fitted with a 
Weibel eyepiece graticule (Graticules Ltd). Point counts on ADG cells, VCT cells,  
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developing gametes and morphologically ripe gametes were made on five fields per  
mussel, following a raster scanning pattern, to quantify the volume fraction of these 
different tissue components (Lowe and Moore, 1985; Weibel and Elias, 1967).  
 
4.2.2 Lipid extraction 
 
After dissecting mussel soft tissue for histological analysis, an additional transverse 
section of mantle tissue was excised and immediately snap frozen in liquid nitrogen. 
Samples were stored at -80 °C for further analysis. Lipids were extracted from the 
stored mantle tissue using  the method of Bligh and Dyer (1959) modified as follows. 
Approximately 100 mg of mantle tissue was first transferred to a Precellys tube, stored 
on ice, and 4 µl mg-1 of methanol and 0.85 µl mg-1 of deionised water were added. 
Samples were then homogenised, being subjected to 2 cycles of 10 s (with a 5 s pause in 
between) homogenisation at 6400 rpm using a mechanical homogeniser (Precellys®24). 
Homogenised samples were transferred to a clean 1.8 ml glass vial, with Precellys tubes 
being rinsed using a further 2 µl mg-1 of deionised water. Chloroform (4 µl mg-1) was 
then added to this mixture and the samples were vortexed for 30  s  to ensure complete 
mixing. Samples were placed on ice for 10 min before being centrifuged (10 min, 1800 
x g, 4 °C; Centrifuge 5810R, Eppendorf). After centrifugation, samples were allowed to 
acclimate to room temperature for 5 min before the non-polar lower chloroform phase 
was removed using a Hamilton syringe and transferred to a clean 1.8 ml glass vial. This 
sample was then stored at -80 °C prior to derivatisation for fatty acid methyl ester 
(FAME) analysis (see below).  
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4.2.3 Lipid derivatisation 
 
Fatty acid concentrations and profiles in mussel mantle tissue were determined post 
conversion to fatty acid methyl esters (FAMEs) and analysis by GC-MS (Agilent 
7890A GC and 5975C inert MSD, Agilent Technologies Ltd.). A 100 µl aliquot of each 
sample obtained from the lipid extraction (see above; Sect. 4.2.2) was transferred to a 
15 ml glass tube, placed on a heating block at 45 °C and blown down under a 
continuous stream of N2 until all the solvent had evaporated. A 20 µl aliquot of 
nonadecanoic acid (C19:0; 1 mg ml-1) was added to each tube as an internal standard 
and fatty acids were then converted directly to fatty acid methyl esters (FAMEs) by 
adding 1ml of transesterification mix (95:5 v/v 3N methanolic HCl; 2,2-
dimethoxypropane), flushing with N2 and incubating at 90 ºC for 1 h. After cooling, 
FAMEs were recovered by addition of 1 % w/v NaCl solution (1 ml) and n-hexane (1 
ml). Samples were then vortexed for 10 s before being centrifuged (30 s, 1,200 x g, 15 
°C; Centrifuge 5810R, Eppendorf). The upper hexane layer was transferred to a clean 
1.8 ml GC glass vial before being injected directly into the GC-MS system. FAMEs 
were separated on a fused silica capillary column (15 m x 0.1 mm x 0.1 µm; 
Omegawax™ 100, Supelco, Sigma-Aldrich) using an oven temperature gradient of 140 
ºC to 280 ºC at 40 ºC min-1 followed by a 3 min hold time at 280  ºC. Helium was used 
as a carrier gas (0.4 ml min-1) and the injector and detector inlet temperatures were 
maintained at 280  ºC and 230  ºC, respectively. FAMEs were identified using retention 
times and qualifier ion response, and quantified using respective target ion responses. 
All values were derived from calibration curves generated from a FAME standard mix 
(Supelco, Sigma-Aldrich, Gillingham, UK). 
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4.2.4 Statistical analysis 
 
The effect of seawater pH, temperature, bacterial exposure and their interaction on 
reproductive histology and mantle lipid composition were analysed in Primer 6.1 
(Clarke and Gorley, 2006) using the PERMANOVA+ add in (beta version, Anderson et 
al., 2008). As outlined in Section 3.2.5, data were tested for homogeneity of variance 
and transformed when necessary. Euclidean distance similarity matrices were 
constructed for all data, and P-values were calculated using 999 permutations of the 
residuals under a reduced model. Where a significant main effect or an interaction was 
shown, pair-wise comparisons between all levels of a given factor were undertaken. 
Where the percentage composition of saturated fatty acids (SFA), monounsaturated 
fatty acids (MUFA) or polyunsaturated fatty acids (PUFA) in mantle tissue were shown 
to be significantly impacted by an experimental factor, SIMPER analyses were 
employed. SIMPER analysis, using a Bray-Curtis similarity matrix, determines the 
dissimilarity between treatment groups, indicating the percentage contribution of each 
individual fatty acid, within each class, to this dissimilarity.  
 
4.3. RESULTS    
 
The environmental conditions and organism mortality measured during this study are 
reported in Chapter 3 of this thesis (Sect. 3.3.1 and 3.3.2; Table 3.1, Table 3.2 & Fig 3.4 
respectively).  
 
4.3.1 Reproductive histology 
 
Of the 153 mussels used for histology, 63 were females, 78 were males and it was not  
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 Figure 4.2 The effect of low seawater pH on the volume fractions (mean ± S.E.) of mussel 
mantle tissue: a) developing gametes, b) ripe gametes, c) ADG cells and d) VCT cells. Data are 
pooled for temperature, bacterial exposure and gender. Significant differences (p ≤ 0.05) 
between treatment levels are indicated by an asterisk and based on pair-wise tests. N = 144 
individuals. 
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possible to sex 11 individuals. Due to the relatively low number of unsexed individuals 
and the roughly equal level of males and females, it was decided that unsexed 
individuals would be omitted from the remaining statistical analysis to enable gender to 
be included as an additional experimental factor.   
 As shown in Figure 4.2, a severe reduction in seawater pH significantly reduced 
the percentage of ripe gametes within the mantle (Pseudo-F = 5.61, d.f. = 4, p = 0.002). 
Pair-wise analyses indicated that mussels exposed to a pH of 6.50 significantly reduced 
the percentage of ripe gametes compared to mussels maintained at all other pHs (Fig. 
4.2b). When maintained at a pH of between 8.05 and 7.35 mussels had an average 
volume of 20.25 % ripe gametes within the mantle, whereas in mussels maintained at 
pH 6.50 this was reduced to 4.37 %. Reduced seawater pH was also shown to 
significantly affect the volume of VCT cells within the mantle (Pseudo-F = 3.14, d.f. = 
4, p = 0.017), with mussels at pH 6.50 increasing volume of VCT cells compared to 
mussels maintained at all other pH levels (Fig. 4.2d). Reduced seawater pH did not 
significantly affect the volume fraction of developing gametes or ADG cells.  
 Similarly to pH, temperature was shown to have a significant impact on the 
volume fraction of different mantle tissue components. An increase in temperature was 
shown to significantly reduce the volume of developing gametes (Pseudo-F = 7.18, d.f. 
= 1, p = 0.014) (Fig. 4.3a) and ripe gametes (Pseudo-F = 16.94, d.f. = 1, p = < 0.001) 
(Fig. 4.3b). However this temperature induced reduction in gamete provisioning was 
marked by a concomitant increase in the volume of both ADG cells (Pseudo-F = 31.04, 
d.f. = 1, p = < 0.001) (Fig. 4.3c) and VCT cells (Pseudo-F = 6.27, d.f. = 1, p = 0.012) 
(Fig. 4.3d).  
 Gender was also shown to significantly impact the volume fraction of tissue 
components within the mantle (Fig. 4.4), with males having a significantly higher  
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Figure 4.3 The effect of temperature on the volume fractions (mean ± S.E.) of mussel mantle 
tissue: a) developing gametes, b) ripe gametes, c) ADG cells and d) VCT cells. Data are pooled 
for pH, bacterial exposure and gender. Significant differences (p ≤ 0.05) between treatment 
levels are indicated by an asterisk and based on pair-wise tests. N = 144 individuals. 
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Figure 4.4 Volume fraction (mean ± S.E.) of mantle tissue components in male and female 
mussels: a) developing gametes, b) ripe gametes, c) ADG cells and d) VCT cells. Data are 
pooled for pH, temperature and bacterial exposure. Significant differences (p ≤ 0.05) between 
treatment levels are indicated by an asterisk based on pair-wise tests. N = 133 individuals. 
Chapter 4                                                                           Reproductive Provision and Organism Condition 
- 128 - 
 
volume of both developing (Pseudo-F = 8.49, d.f. = 1, p = 0.008) (Fig. 4.4a) and ripe 
gametes (Pseudo- F = 19.38, d.f. = 1, p = < 0.001) (Fig. 4.4b) compared  to females. 
Whilst the volume of ADG and VCT cells did not differ significantly between the two 
sexes, temperature was also shown to significantly interact with gender. Increased 
temperature was shown to increase the volume of VCT cells within the mantle tissue of 
females, however there was no significant difference in the volume of VCT cells in 
males maintained at 17.0 °C compared to those maintained at 12.5 °C (Pseudo-F = 4.64, 
d.f. = 1, p = 0.042) (Fig. 4.5). This difference may be due to the extent to which 
temperature reduced gamete provision in males and females.  
 Whilst temperature reduced gamete provision in both sexes, this effect was more 
pronounced in females with reproductive investment being reduced from 21.40 % at 
12.5 °C to 6.70 % at 17.0 °C. However, in males, gamete investment was reduced from 
25.88 % at 12.5 °C to 21.95 % of the mantle at 17.0 °C. The significant increase in VCT 
cells at 17.0 °C in females may therefore represent the larger decrease in gametes in 
females, compared to males. 
 
Figure 4.5 The effect of temperature (mean ± S.E.) on VCT cells within the mantle of male and 
female mussels. Data are pooled for pH and bacterial exposure. Significant differences (p ≤ 
0.05) between treatment levels are indicated by different letters based on pair-wise tests. N = 
133 individuals. 
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Figure 4.6 The effect of a bacterial exposure on the volume fraction (mean ± S.E.) of 
developing gametes within mantle tissue. Data are pooled for pH, temperature and gender. 
Significant differences (p ≤ 0.05) between treatment levels are indicated by an asterisk and 
based on pair-wise tests. N = 133 individuals. 
 
 Alongside pH, temperature and gender, an exposure to Vibrio tubiashii was also 
shown to significantly impact the volume fraction of developing gametes, with 
inoculated mussels significantly reducing the volume of developing gametes compared 
to mussels sampled prior to a bacterial exposure (Pseudo-F = 6.58, d.f. = 2, p = < 
0.001). Interestingly the duration of the exposure did not alter this effect, with no 
significant difference between mussels sampled 1 day and 7 days post inoculation (Fig. 
4.6). Bacterial exposure was not shown to impact the volume of ripe gametes, ADG 
cells or VCT cells. 
 
4.3.2 Fatty acid composition of mussel mantle tissue 
 
The change in the total lipid content, measured as the total FAME content of mussel 
mantle tissue, and fatty acid composition of mussel mantle tissue were affected by 
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Table 4.1 Fatty acid profile (% of total fatty acids) and total lipid content (mean ± S.E.) of male 
and female Mytilus edulis. Data are pooled for pH, temperature and bacterial exposure. 
Significant differences (p  ≤ 0.05) are indicated by an asterisk, main contribution to group 
differences as measured by SIMPER are indicated by letters, with the three individual fatty 
acids that represent the greatest contribution marked in descending order (a-c). N = 133 
individuals. 
 
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. 
 
Sign.
C14:0 2.13 ± 0.10 1.06 ± 0.11
C15:0 0.37 ± 0.04 0.18 ± 0.02
C16:0 18.60 ± 0.26 15.46 ± 0.25 a
C17:0 0.26 ± 0.03 0.38 ± 0.03
C18:0 2.05 ± 0.09 3.15 ± 0.14
C23:0 1.38 ± 0.28 1.98 ± 0.35 c
C24:0 1.76 ± 0.44 1.68 ± 0.41 b
Σ SFA 26.54 ± 0.43 23.88 ± 0.54 *
C16:1 13.59 ± 0.64 6.53 ± 0.41 a
C18:1 2.77 ± 0.20 1.30 ± 0.20
C20:1 3.87 ± 0.16 3.33 ± 0.15
C22:1 1.16 ± 0.27 1.47 ± 0.26 c
C24:1 0.73 ± 0.29 2.94 ± 0.53 b
Σ MUFA 22.11 ± 0.78 15.57 ± 0.60 *
C18:2 1.05 ± 0.07 0.85 ± 0.07
    C18:3 n3 1.86 ± 0.12 2.45 ± 0.23
    C18:3 n6 1.01 ± 0.07 0.87 ± 0.08
C20:2 0.41 ± 0.05 0.46 ± 0.05
C20:3 0.17 ± 0.03 0.22 ± 0.04
    C20:3 n3 ND 0.06 ± 0.06
C20:4 3.14 ± 0.10 3.32 ± 0.12
    C20:5 n3 (EPA) 20.81 ± 0.34 23.14 ± 0.30 b
C22:2 0.55 ± 0.20 1.21 ± 0.26 c
    C22:6 n3 (DHA) 22.35 ± 0.49 27.97 ± 0.43 a
Σ PUFA 51.35 ± 0.79 60.54 ± 0.69 *
Total lipid (µg/mg of dry 
weight) 120.88 ± 5.12 84.33 ± 3.1 *
Female Male
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gender (Table 4.1). Females had a higher lipid content than males (Pseudo-F = 23.65, 
d.f. = 1, p = < 0.001), with a greater percentage of SFAs (Pseudo-F = 12.29, d.f. = 1, p = 
< 0.001) and MUFAs (Pseudo-F = 47.91, d.f. = 1, p = < 0.001), whereas males had a 
greater percentage of PUFAs (Pseudo-F = 81.91, d.f. = 1, p = < 0.001). SIMPER 
analysis identified three saturated fatty acids; 16:0, 24:0 and 23:0, that contributed over 
70% of this gender dissimilarity in  SFAs, with 16:0 contributing 30.27 % and having 
the largest contribution. With respect to the MUFAs, the three fatty acids shown to 
contribute most significantly to the difference between males and females were 16:1, 
24:1 and 22:1, contributing 47.41 %, 19.33% and 12.65 % to the average dissimilarity 
respectively. Finally, of the PUFAs, the fatty acids shown to have the greatest 
contribution to the dissimilarity between males and females were two long-chain 
PUFAs; docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid (EPA, 20:5n-
3). These essential fatty acids contributed 40.57 % and 22.47 % of the dissimilarity 
respectively, and alongside docosadienoic acid (22:2n-6), contributed over 70 % of the 
gender dissimilarity in PUFAs.   
 Whilst males and females had significantly different total FAME content in 
mantle tissue, they also responded differently to temperature. Temperature interacted 
with gender (Pseudo-F = 4.66, d.f. = 1, p = 0.036), with increased temperature shown to 
significantly increase the total lipid content in mantle tissues of males, yet in females 
temperature had no effect on lipid content (Table 4.2). Temperature also affected the 
percentage of MUFAs within mantle tissue (Pseudo-F = 5.75, d.f. = 1, p = 0.017), and 
interacted with gender to affect the percentage composition of PUFAs (Pseudo-F = 
7.21, d.f. = 1, p = 0.009). 
 An increase from 12.5 °C to 17.0 °C decreased the percentage of MUFAs in 
both male and female mussels (Table 4.2), whereas an increase in temperature only  
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Table 4.2 Fatty acid profile (% of total fatty acids) and total lipid content (mean ± S.E.) of male 
and female Mytilus edulis maintained under control (12.5 °C) and increased (17.0 °C) seawater 
temperatures. Data are pooled for pH and bacterial exposure. Significant differences (p ≤ 0.05) 
between mussels maintained at different temperatures, within gender, are indicated by an 
asterisk. N = 133 individuals. 
 
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty 
acids. 
 
C14:0 2.16 ± 0.15 2.08 ± 0.15 0.76 ± 0.12 1.48 ± 0.19
C15:0 0.39 ± 0.05 0.35 ± 0.06 0.13 ± 0.02 0.25 ± 0.04
C16:0 18.67 ± 0.33 18.52 ± 0.41 14.97 ± 0.36 16.18 ± 0.29
C17:0 0.22 ± 0.03 0.30 ± 0.04 0.36 ± 0.05 0.41 ± 0.05
C18:0 1.86 ± 0.12 2.26 ± 0.11 3.18 ± 0.19 3.12 ± 0.21
C23:0 1.40 ± 0.40 1.35 ± 0.42 1.25 ± 0.37 3.05 ± 0.65
C24:0 1.90 ± 0.60 1.59 ± 0.66 1.85 ± 0.57 1.43 ± 0.58
  Σ SFA 26.61 ± 0.59 26.46 ± 0.66 22.50 ± 0.73 25.91 ± 0.65
C16:1 15.37 ± 0.96 11.47 ± 0.64 6.56 ± 0.60 6.48 ± 0.53
C18:1 3.07 ± 0.28 2.41 ± 0.26 1.09 ± 0.31 1.62 ± 0.17
C20:1 3.88 ± 0.18 3.85 ± 0.28 3.21 ± 0.20 3.50 ± 0.23
C22:1 0.76 ± 0.35 1.62 ± 0.42 1.41 ± 0.35 1.56 ± 0.38
C24:1 0.74 ± 0.42 0.71 ± 0.40 3.97 ± 0.75 1.44 ± 0.60
  Σ MUFA 23.83 ± 1.19 20.07 ± 0.81 * 16.23 ± 0.93 14.60 ± 0.56 *
C18:2 1.04 ± 0.10 1.07 ± 0.11 0.70 ± 0.08 1.07 ± 0.11
    C18:3 n3 1.70 ± 0.18 2.05 ± 0.15 2.68 ± 0.36 2.11 ± 0.23
    C18:3 n6 0.96 ± 0.09 1.06 ± 0.10 0.77 ± 0.09 1.01 ± 0.13
C20:2 0.42 ± 0.06 0.39 ± 0.08 0.48 ± 0.07 0.44 ± 0.07
C20:3 0.16 ± 0.05 0.19 ± 0.05 0.17 ± 0.05 0.30 ± 0.08
    C20:3 n3 ND ND 0.10 ± 0.10 ND
C20:4 3.09 ± 0.13 3.20 ± 0.17 3.27 ± 0.16 3.40 ± 0.18
    C20:5 n3 20.45 ± 0.52 21.24 ± 0.42 23.12 ± 0.43 23.18 ± 0.38
C22:2 0.21 ± 0.15 0.96 ± 0.39 1.18 ± 0.34 1.25 ± 0.41
    C22:6 n3 21.52 ± 0.76 23.32 ± 0.56 28.80 ± 0.58 26.73 ± 0.58
  Σ PUFA 49.56 ± 1.17 53.47 ± 0.91 * 61.27 ± 1.01 59.48 ± 0.83
Total lipid (µg/mg 
of dry weight)
124.05 ± 7.19 117.10 ± 7.58 77.63 ± 3.51 94.15 ± 5.05 *
Female Male
12.5 17.012.5 17.0
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increased PUFAs in females, with the proportion of PUFAs in males exposed to either  
12.5 °C or 17.0°C not significantly different (Table 4.2). As with gender, SIMPER 
analysis indicated that the three main fatty acids that contributed to the temperature 
dissimilarity of the MUFAs were 16:1, 24:1 and 22:1, contributing 41.14 % 22.44 % 
and 15.01 % respectively, whilst in females the fatty acids that have the greatest 
contribution to the temperature dissimilarity in PUFAs were DHA, EPA and 22:2n-6. 
 Bacterial exposure also affected the FAME content of mussel mantle tissues 
(Pseudo-F = 3.61, d.f. = 2, p = 0.032). Pair-wise analysis showed that mussels which 
were sampled prior to the bacterial exposure had a higher lipid content compared to 
mussels sampled post inoculation, again there was no significant difference between 
mussels sampled 1 day and 7 days post inoculation (Fig 4.7).  
 Whilst pH did not have a significant main effect on the fatty acid profile or total 
lipid content of mussels, it did interact with gender to affect the percentage contribution 
of  MUFAs to the overall fatty acid profile of mantle tissue (Pseudo-F = 2.82, d.f. = 4, p  
   
Figure 4.7 The effect of a bacterial exposure on total FAME content. Values are means (± 
S.E.), data are pooled for pH, temperature and gender. Significant differences (p ≤ 0.05) are 
indicated by different letters based on pair-wise tests. N = 144 individuals. 
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Figure 4.8 The effect of reduced seawater pH on the proportion of MUFA in the mantle tissue 
of male and female mussels. Values are means (± S.E.), data are pooled for both temperature 
and bacterial exposure. Significant differences (p ≤ 0.05) between males and females at each pH 
are indicated by an asterisk based on pair-wise tests. N = 133 individuals. 
 
= 0.019). At pH 8.05, 7.80 and 7.60 the percentage of MUFAs in mantle tissue of 
females was significantly higher than that noted in males, however a reduction in pH is 
shown to reduce the proportion of MUFAs in females yet increase these fatty acids in 
males (Fig 4.8). And although the increase in females and the decrease in males were 
not statistically significant within gender, it did mean that at pH 7.35 and 6.50 there was 
no significant difference between the sexes. 
 
4.4. DISCUSSION  
 
4.4.1. The effect of reduced seawater pH, increased temperature and gender on 
reproductive provisioning 
 
When exposed to increased seawater temperature the energetic provision attributed to 
reproduction in the mussel, Mytilus edulis, is significantly reduced. This is marked by a 
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concurrent increase in both ADG cells and VCT cells at increased temperatures. These 
results support previous research where increasing seawater temperatures were shown to 
reduce the energy allocated to reproduction in marine mussels (e.g. Bayne et al., 1978; 
Fearman and Moltschaniwskyj, 2010). Furthermore, temperature was also shown to 
have a greater effect on the mantle tissues of females compared to that of males, a result 
that has not been shown previously but one that could have a significant impact on the 
population dynamics of this ecologically and commercially important species. 
 It is widely accepted that increasing temperature increases metabolism in 
ectothermic organisms (Somero, 2002). Therefore the reduced allocation of energy to 
reproduction in both males and females is likely due to the increased energetic demand 
of metabolism in mussels at increased temperature. However, in concurrently measuring 
an increase in ADG cells and VCT cells, which form the nutrient storage cells of mussel 
mantle tissue (Lowe et al. 1994), in addition to increasing the allocation of energy to 
metabolism, mussels also appear to maintain their ability to produce energy reserves. 
This pattern of reduced gamete investment, whilst maintaining a capacity for nutrient 
storage, has been suggested as a possible plastic response to prevailing environmental 
conditions in wild populations (Lowe et al., 1994). In measuring the composition of 
mussel mantle tissue monthly over three concurrent annual cycles from 1977 to 1980, 
Lowe et al. (1982) demonstrated a naturally occurring period of concurrent gamete 
production and nutrient storage after spring spawning in an estuarine mussel population, 
followed by a second period of spawning later in the year. Such a strategy may be a 
mechanism to maintain gamete production over an annual reproductive cycle, in this 
population sampled from Beggar’s Island, at the intersection of the Rivers Tamar and 
Lynher, Plymouth, whilst reducing the energy required during any one period of 
gametogenesis. Reducing the energy required for any single spawning period would 
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then ensure that more residual energy was available for the increased metabolic 
requirements associated with unfavourable environmental conditions, whilst net gamete 
production would remain unaffected. However, the current study only lasted 3 months. 
Therefore to test this hypothesis fully, and to test the potential longevity of any such 
strategy under future conditions of oceanic warming, a longer term exposure to 
increased temperatures is required.   
 Whilst an increased proportion of nutrient storage cells may suggest mussels 
maintained the capacity for nutrient storage, it is also possible that such an increase 
merely reflects the proportional reduction in gamete investment. VCT cells are a rich 
store of glycogen within the mantle of mussels, however they are also the structural 
basis of mantle tissue, forming the interfollicular connective tissues (Lowe et al., 1982). 
In measuring an increase in nutrient storage tissues associated with a reduced gamete 
production in mussels exposed to increased temperatures, Fearman et al. (2010) also 
subsequently measured a reduction in glycogen levels. Therefore, whilst the fraction of 
the mantle that was attributed to nutrient storage appeared to increase, this did not 
provide an accurate assessment of the actual energy reserve in these tissues, merely 
reflecting a proportional increase in connective tissue. However, in grouping ADG and 
VCT cells as nutrient storage, the study by Fearman et al. (2010) was unable to account 
for any difference in the response of these two cell types. In the current study, 
measuring a significant increase in ADG cells, in addition to the increase in VCT cells, 
suggests mussels do maintain a capacity for increased nutrient storage, as ADG cells, 
which contain large reserves of protein and lipid as well as glycogen, have no structural 
function in mantle tissue (Lowe et al., 1994).  
 Unlike temperature, a reduction in seawater pH, at levels predicted to occur 
within the next 100 to 300 years (pH 7.80 and pH 7.35 respectively; IPCC, 2007), was 
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not shown to impact the reproductive investment in mussels. This supports previous 
research where the reproductive tissue of mussels was not impacted by reduced 
seawater pH, and where mussels maintained under acidification scenarios retained the 
ability to spawn (Beesley et al., 2008). Furthermore, in maintaining the proportion of 
ADG and VCT cells at a level comparable to those measured in control organisms, 
mussels in the current study maintained at a pH of 7.80 to 7.35 appeared capable of 
maintaining nutrient storage at reduced seawater pH. Such resilience to reduced 
seawater pH may be due to the naturally variable seawater carbonate chemistry that 
mussels experience in their natural habitat, as discussed in Chapter 3 (Sect. 3.4.1), 
leading to a natural pH tolerance in this organism. 
 In  not detecting an impact of ocean acidification (OA) on reproductive 
provisioning, under seawater pH conditions predicted to occur within the next 100 - 300 
years, the current study agreed with the findings of previous research (Beesley et al., 
2008). However, in contrast to the research by Beesley et al. (2008), where there was no 
impact of very low pH seawater (pH 6.5) on reproductive processes, the current study 
demonstrated a significant reduction in the proportion of the mantle tissue attributed to 
reproduction in mussels maintained at pH 6.50. The apparent contradiction between this 
study and Beesley et al. (2008) could be due to the different seawater pH conditions 
experienced by mussels in the two studies (outlined in Sect. 3.4.1) or due to the 
different sampling methods employed. Beesley et al. (2008) qualitatively assessed the 
mantle tissue of mussels; however in using stereology the current study was able to gain 
a more objective assessment of the reproductive cycle (Morvan and Ansell, 1988). This 
enabled subtle differences in mantle composition to be assessed, which may have been 
missed by the qualitative approach used by Beesley et al. (2008). 
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 In finding a reduced gamete provision within the mantle tissue of organisms 
maintained at pH 6.50, mussels exposed to very low pH were unable to maintain gamete 
production at a comparable level to organisms maintained under other pH conditions. 
However, in not being able to detect a significant change in the proportion of ADG cells 
at pH 6.50, this reduction does not appear to be accompanied by an increase in nutrient 
storage, as measured with increased temperature. Measuring a significant increase in 
VCT cells at pH 6.50 therefore likely represents a proportional increase in interfollicular 
connective tissues, proportional to the reduced gamete investment. The reduced 
energetic investment in reproduction is likely due to an increase in the energetic costs 
associated with maintaining cellular homeostasis or calcified structures at extremely low 
pH (e.g. Melzner et al., 2011; Wood et al., 2008, 2010), which in turn has led to a 
physiological trade-off. However the sustainability of this strategy will ultimately 
depend on the condition of impacted organisms, potentially impacting an organism’s 
persistence. 
 Whilst temperature and low pH were shown to impact reproductive provisioning 
and nutrient storage in mussels, gender also significantly impacted the composition of 
mantle tissue. Males had a higher proportion of gametes in the mantle compared to 
females, irrespective of the exposure conditions. As discussed in Section 3.4.2., males 
are proposed to invest more energy in reproduction compared to females, being limited 
in their reproductive success by the number of females they can inseminate (Andersson, 
1994; Trivers, 1972; Zuk et al., 2004). However, in not being able to detect a significant 
difference in the volume fraction of ADG cells between males and females, this increase 
in gamete production does not appear to be at the expense of nutrient storage cells 
within the mantle of males, and therefore must be at the expense of other physiological 
processes, or life-history traits. In measuring a reduction in immune defence (Sect. 
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3.4.2), males therefore appear to take a more risk prone strategy, reducing 
immunocompetence to maximise fecundity. The possible implications of such a strategy 
will be discussed in Chapter 6. 
 The interaction of temperature and gender affected the mantle composition of 
mussels. An increase in temperature significantly increased the proportion of VCT cells 
in females, but the proportion of VCTs in males was unaffected. When comparing the 
volume fraction of different mantle components in both sexes, it would appear this 
interaction between temperature and gender indicates a proportional reduction in gamete 
investment. An increase in temperature is shown to reduce gamete investment in both 
males and females, however this response is far more pronounced in females. The 
proportion of the female mantle attributed to reproduction is reduced by 14.7 % with 
increased temperature, whereas in males the same temperature increase reduces gamete 
investment by just 3.93 %. Therefore the significant increase in VCT cells with 
increased temperature in females represents the greater proportional decrease in 
reproductive tissues. Again, this would suggest males take a greater risk at high 
environmental temperatures by maintaining their energetic investment in reproduction 
to a greater extent than females, despite the unfavourable environmental conditions.  
 
4.4.2 Effect of reduced seawater pH, temperature and gender on mantle lipid 
composition 
 
Providing an important food reserve for larvae during the period of development until 
first feeding (Gallager and Mann, 1986; Gallager et al., 1986; Helm et al., 1973), it is 
the lipid content of the bivalve eggs that is a major determinant of larval fitness 
(Honkoop et al., 1999). With this lipid largely derived maternally, it is not surprising 
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that in the present study gender was shown to significantly affect both total lipid content 
and fatty acid composition of the mantle tissue in mussels. Despite being shown to have 
a higher proportion of mantle tissue attributed to gametes, the lipid content within the 
mantle of males was lower than that measured in females. This is likely due to the 
different strategies of reproduction between male and female mussels, and is a similar to 
the response measured in other bivalve species (e.g. Ansell, 1974; Caers et al., 1999; 
Napolitano and Ackman, 1992). Reproductive success in male sessile invertebrates is a 
function of total gamete production, with the number of gametes produced ultimately 
influencing the probability of successful fertilization (Yund and McCartney, 1994). In 
females however, reproductive success is governed to a greater extent by the quality of 
individual gametes (Levitan and Petersen, 1995), with a greater energetic investment in 
individual gametes increasing the probability of larvae surviving until first feeding. 
Therefore, measuring a higher lipid content in the mantle of females, despite having a 
lower number of individual gametes, represents the important role of females in 
providing energy reserves for the developing embryo (Blackmore, 1969). 
 The major fatty acids found in the mantle tissue of mussels were the SFAs 16:0, 
18:0, the MUFAs 16:1, 20:1 and the PUFAs 20:4, DHA and EPA. This fatty acid profile 
was similar to that found in previous studies on mussels (e.g. Alkanani et al., 2007), 
with PUFAs contributing the greatest proportion of total fatty acids. PUFAs, and in 
particular EPA and DHA, are shown to be essential fatty acids in molluscs, particularly 
bivalves, forming an important tissue component which is crucial for growth and 
survival (Langdon and Waldock, 1981; Pettersen et al., 2010; Soudant et al., 1999). 
Whilst the fatty acid profile in mussels is essential for survival and growth, gender was 
also shown to affect the composition of major fatty acids in mantle tissue. Females were 
shown to have a higher percentage of SFAs and MUFAs, whereas males were shown to 
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have a higher proportion of PUFAs. This result supports previous research, where 
females of the prosobranch mollusc, Patella depressa, had a higher total lipid content as 
well as a higher proportion of SFAs and MUFAs (Brazão et al., 2003).  
 Fatty acids such as 16:0 (palmitic acid) are generally characterised as having an 
energetic-type function (Bergé and Barnathan, 2005), with SFAs and MUFAs forming 
an important energy source in the female gonad that is transferred to the developing 
embryo (Blackmore, 1969). With the energy from saturated fats released more 
efficiently than from unsaturated fats (Brown et al., 1997), the higher percentage of 
SFAs and MUFAs in the female gonad is likely due to their function in providing 
metabolic energy to developing embryos (Brazão et al., 2003). This is further supported 
by research that has shown larval mortality in mussels decreases proportionately with a 
higher SFA content (Pettersen et al., 2010). In contrast to female gametes whose 
function is the provision of energy, the gametes in male mussels are known to be 
composed largely of structural polar lipids, rich in PUFAs (Blackmore, 1969). 
Therefore, the higher percentage of PUFAs, yet lower SFA and MUFA composition, in 
males is likely due to the different role of gametes, and thus the different gamete 
composition, between genders.  
 Whilst PUFAs were greatest in males, they also formed the largest portion of the 
fatty acid profile in females. Female gametes require a large reserve of energy to ensure 
larval survival, however they also require a large proportion of structural polar lipids, 
rich in PUFAs, to provide the material required for the process of cell division 
(Napolitano and Ackman, 1992). Therefore a high proportion of PUFAs in female 
mantle tissue, such as DHA which is shown to have an important structural-type 
function (Bergé and Barnathan, 2005), highlights the additional role of females in also 
providing the structural material required for early larval development and cell division. 
Chapter 4                                                                           Reproductive Provision and Organism Condition 
- 142 - 
 
The importance of PUFAs for larval development in mussels has been further supported 
by Pettersen et al. (2010), who have shown the proportion of DHA to be positively 
correlated with larval survival, and the ratio of n-3 LC-PUFA (namely EPA and DHA) 
to the n-6 LC-PUFAs (20:4 n-6, arachidonic acid, ARA) to be positively correlated with 
settlement. Unfortunately, in the present study it was not possible to distinguish n-3 and 
n-6 ARA, and therefore the ratio of n-3 to n-6 LC-PUFA could not be compared 
between the two studies. 
 Alongside being affected by endogenous factors, such as sexual maturation and 
gender (Brazão et al., 2003; Galap et al., 1999), a fluctuation in environmental 
conditions is shown to impact the lipid composition in molluscs (Brazão et al., 2003; 
Pazos et al., 1997). Largely governed by the stage of gonad development and the 
quantity and quality of food available, the accumulation and depletion of lipid reserves 
in molluscs is also affected by the impact of environmental factors on metabolic 
activities (Pazos et al., 1996). In the present study temperature was shown to impact 
both the lipid content and the fatty acid composition of mussel mantle tissue, however 
interestingly the mantle tissue of male and female mussels was affected by temperature 
differently. An increase in temperature was shown to significantly increase the total 
lipid content of male mantle tissue, whereas in females the lipid content was shown to 
decrease slightly, although this decrease was not statistically significant. The difference 
in the response of the lipid content in males and females may be due to the impact of 
temperature on reproductive provisioning and the different composition of gametes 
between the genders. An increase in temperature was shown to slightly decrease the 
allocation of resources to reproduction in males, which was concurrently marked by a 
slight increase in ADG storage cells. This reallocation of resources from gametes, which 
in males have a lower provision of energy than in females, to ADG storage cells may 
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therefore result in the increased lipid content. In females, however, gametes are 
characterised by their large reserve of lipids with an energy-type function, which 
support larvae until first feeding. A decrease in resource allocation to gametogenesis in 
females would likely result in a large decrease in overall lipid content. Therefore, with 
male mussels increasing lipid content at increasing temperature, with females 
maintaining lipid reserves despite reduced gamete investment, this result appears to 
support the hypothesis that despite reducing gamete investment at increasing 
temperatures, mussels maintain an ability to lay down nutrient reserves, as discussed in 
Section 4.4.1. 
 Whilst temperature affected lipid content differently in males and females, an 
increase in temperature also affected the fatty acid profile. The proportion of MUFAs 
was significantly reduced under increasing temperatures in both males and females, 
whereas temperature only increased the proportion of PUFAs in females. To maintain 
membrane fluidity under decreasing temperatures, the proportion of unsaturated fatty 
acids  generally  increases (Pazos et al., 1997). Therefore, in showing mussels 
maintained at 12.5 °C to have a higher proportion of MUFA compared to mussels 
maintained at 17.0 °C, the current study supports previous research where increased 
temperature corresponded to reduced unsaturation in bivalve molluscs (Piretti et al., 
1988). Furthermore, whilst not statistically significant, increased temperature may have 
resulted in a slight decrease in the proportion of PUFAs and a slight increase in the 
proportion of SFAs in the mantle of males, which further supports the remodelling of 
membrane lipids under decreasing temperature, a process known as homeoviscous 
adaptation (HVA) (Hazel, 1995; Pernet et al., 2007). 
 Conversely, in females an increase in temperature was shown to lead to a 
significant increase in PUFA, alongside a slight decrease in SFA, although this decrease 
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in SFA was not significant. The response in females is not consistent with temperature 
induced remodelling of membranes due to HVA in mussels. As with total lipid content 
however, it is likely this difference in the response of the fatty acid profile of males and 
females is due to the strong influence of the gametogenic process on the lipid 
composition in mussel mantle tissues. With an increase in temperature shown to reduce 
the provision of energy to reproduction in females, the proportion of SFA and MUFA 
allocated to developing gametes would be reduced. Therefore, the reduction of SFA and 
MUFA allocated to gametes under increased temperature in females may mask the 
small fluctuations in fatty acid profile brought about by temperature induced HVA. 
Such a response was noted by Pazos et al. (1997), where the impact of temperature on 
the fatty acid profile of female gonads in the scallop, Pecten maximus, was masked by 
the strong influence of the gametogenic cycle. Furthermore, the increase in PUFAs in 
females at increasing temperature may also represent a proportional increase due to the 
decrease in both SFA and MUFA provision in female gametes. 
 Unlike temperature, reduced seawater pH did not have a significant main effect 
on the total lipid content or fatty acid composition of mussel mantle tissue. This is 
perhaps surprising, given the impact of OA on the provision of resources to 
reproduction in mussels, with organisms maintained at pH 6.50 reducing the proportion 
of the mantle attributed to reproduction yet not concurrently increasing the proportion 
of nutrient storage cells. However, whilst pH did not directly affect the lipid 
composition of mantle tissue directly, reduced pH was shown to interact with gender to 
affect the proportion of MUFA in mantle tissue of mussels. At pH 8.05 to 7.60 females 
are shown to have a higher proportion of the mantle attributed to MUFAs compared to 
males, whereas at pH 7.35 and pH 6.50 this gender difference is shown to disappear. 
With MUFAs representing an important energy source to developing gametes in 
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females, and with male gametes largely dominated by structural-type PUFAs 
(Blackmore, 1969), it is possible that the reduction in reproductive provisioning at low 
pH may affect the difference in mantle lipid composition between gender. However, 
whilst OA is shown to interact with gender, this is the first study to have investigated 
the impact of OA on the lipid composition in the mantle of male and female mussels. 
Therefore it is not possible to distinguish the exact mechanism by which pH may affect 
lipid composition differently between males and females. 
 
4.4.3 Impact of a bacterial exposure on reproduction and the lipid profile of the mantle 
 
In the current study, an immune challenge was shown to significantly reduce the total 
lipid content of mantle tissue in the blue mussel, M. edulis. This reduction in lipid 
content highlights the significant cost of a pathogenic challenge in mussels, and 
supports previous research where exposure to a pathogen was shown to reduce both 
organism condition and energetic reserves in a bivalve host  (Dittman et al., 2001; Ford 
and Figueras, 1988). Similarly, in a study investigating the impact of Vibrio tapetis on 
the condition and energy budget of the Manila clam, Ruditapes philippinarum, Flye-
Sainte-Marie et al. (2007) demonstrated that an exposure to a bacterial pathogen led to a 
significant weight loss in this clam species, when compared to uninfected hosts. These 
authors therefore proposed that the reduction in weight, alongside a reduced host 
condition, was due to the energetic burden of the pathogen on the host, with the energy 
mobilised for the development of an immune response depleting the hosts energy 
reserves (Flye-Sainte-Marie et al., 2007; Palliard, 2004).  
 Whilst it is possible that an increased immune response led to decreased energy 
reserves in mussel mantle tissue, it is also possible that this depletion was due to other 
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processes, such as a direct impact of bacterial respiration on the host’s energy budget or 
as an indirect result of a host spawning. However, in calculating the energy 
consumption of a Vibrio population on a host’s metabolism, Flye-Sainte-Marie et al. 
(2007) estimate that even in a bacterial population shown to have a high growth rate, 
bacterial respiration was calculated to use less than 1% of the host’s total metabolised 
energy. Furthermore, in not measuring any reduction in the proportion of the mantle 
tissue attributed to ripe gametes, and in not measuring any increase in regression 
observed in mantle tissues, bacterial exposure was not shown to lead to a spawning 
event or to a significant increase in the reabsorption of gamete lipid reserves. Therefore, 
the reduction in the lipid content of mantle tissue in mussels exposed to a bacterial 
challenge is likely to be as a result of an enhanced immune response. 
 Reproduction, similarly to immune defence, is energetically expensive 
(Williams, 1966), therefore under stressful environmental conditions reproduction is 
likely to be compromised to ensure survival (Wingfield and Sapolsky, 2003). With 
lipids providing an important energy reserve in bivalves (Gallager and Mann, 1986; 
Gallager et al., 1986; Helm et al., 1973), any reduction in the lipid content of mantle 
tissues, as a result of a bacterial challenge, would therefore be expected to reduce the 
resources available for other life-history traits, leading to a physiological trade-off. 
Subsequently, in measuring a reduction in the energy allocated to reproduction when 
exposed to V. tubiahsii, measured as a reduced proportion of the mantle attributed to 
newly developing gametes, the current study demonstrated that increased 
immunocompetence was shown to lead to the physiological trade-off against 
reproduction, as predicted. This supports the findings of Kelly (2011), who measured 
the impact of a bacterial exposure in the insect, Hemideina crassidens. Exposure to this 
pathogen led to both a reduction in the body condition, measured as a reduced body fat 
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content, as well as a reduction in the number and quality of eggs in this terrestrial insect. 
This result led Kelly (2011) to suggest that both immunocompetence and reproduction 
are condition dependant, and furthermore that these two physiological processes trade-
off against each other to maintain organism fitness, as was shown in the current study.  
 Whilst having predominantly been demonstrated in vertebrates and terrestrial 
insects, the up-regulation of host defence is shown to lead to a reduction in the energy 
allocated to reproduction in a number of species (Bonneaud et al., 2003; Jacot et al., 
2004; Kelly, 2011; Kerr et al., 2010). However, being paid in terms of future 
reproductive success and survival, the costs associated with reproduction are the most 
prominent for life history (Roff, 1992; Sibly and Calow, 1986; Stearns, 1992). Impaired 
or suppressed reproduction has significant consequences for the population dynamics of 
a species and, in the most extreme cases, can lead to a reduction in species persistence 
(Petes et al., 2008). Therefore, in measuring a reduced investment in reproduction in 
response to a pathogenic exposure, the current study highlights the potential impact of 
emerging diseases, and of a pathogenic outbreak, on the population dynamics of the 
blue mussel, M. edulis.  
 Moreover, rising summer temperatures are shown to increase both the spread 
and severity of shell-fish pathogenic outbreaks (Elston et al., 2008), and an increase in 
global temperatures is shown to increase the occurrence of these outbreak events 
(Martin et al., 2010). Therefore, over the next 100 years anthropogenic climate change 
could have an additional indirect, but highly significant impact, on bivalve populations, 
through the mediation of host-pathogen interactions and through the increasing 
influence of disease outbreaks. 
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4.4.4 Conclusions 
 
In the current study anthropogenic climate change predicted to occur within the next 
100-300 years is shown to significantly impact reproductive provisioning in mussels. 
However, it is an increase in temperature, rather than a reduction in seawater pH that is 
shown to have the greatest impact on metabolic investment in gametes. Mussels 
exposed to increased seawater temperature significantly reduced gamete investment, yet 
mussels exposed to an OA scenario predicted to occur within the next 100 - 300 years 
appear tolerant of moderate changes in seawater carbonate chemistry, with both 
reproductive provisioning and mantle lipid composition remaining unaffected. When 
exposed to reduced seawater pH predicted to occur with a catastrophic CCS leak 
however, the reproductive provisioning in mussels is significantly reduced. 
 Whilst this response to temperature has been shown in previous bivalve studies, 
this is the first study to demonstrate a different response to environmental stress in male 
and female mussels. Males and females are known to employ a different reproductive 
strategy, which in the current study resulted in different level of reproductive 
investment and a different mantle fatty acid composition between the two sexes. 
However, when exposed to challenging environmental conditions males are shown to 
take a more risky strategy, maintaining gamete investment at a higher level than was 
shown in females. Such a discovery could have significant consequences for the 
understanding of anthropogenic climate change impacts on the population dynamics of 
mussels. 
 Alongside measuring a significant impact of gender and anthropogenic climate 
change on the reproductive investment in mussels, this study also highlighted a 
significant impact of a bacterial exposure on the total lipid content of mussel mantle 
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tissue, reducing the energetic reserve within mussels. This reduction in available energy 
led to a subsequent physiological trade-off, measured as a reduction in energy afforded 
to developing gametes. In showing a significant cost of a pathogenic exposure, this 
study demonstrated that both reproduction and immunocompetence are condition 
dependant and trade-off against each other in order to maintain host survival under 
stressful environmental conditions. Therefore to fully understand the impact of 
anthropogenic climate change on an organism’s fitness, and to understand the impact of 
any additional environmental stressors, such as a pathogen exposure, it is crucial to 
account for any physiological trade-offs. This will then enable an understanding of the 
circumstances under which any increase or decrease in the allocation of resources to 
reproduction is profitable. 
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CHAPTER 5.  MUSSEL METABOLOME 
 
 
 
Metabolic responses in the mantle of the blue mussel, Mytilus edulis exposed to 
reduced seawater pH, increased temperature and Vibrio tubiashii: an NMR-based 
metabolomics approach 
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5.1. INTRODUCTION 
 
Whilst traditional environmental monitoring programmes have attempted to develop 
biomarkers  as indicators of ecosystem health, these studies have typically relied on the 
assessment of sentinel species and the measure of single test endpoints (Jones et al., 
2008). Consequently, such approaches often fail to ascertain vital information 
concerning the mode of action of a particular stressor. This lack of information 
subsequently reduces our ability to  understand which biological pathways are 
impacted, hampering our ability to predict the overall response of an organism to 
environmental stress (Lin et al., 2006). However, due to the technological development 
of molecular profiling techniques over the past two decades, our ability to investigate 
the composition of an organism’s transcriptome, proteome and metabolome has vastly 
increased (Veldhoen et al., 2012). The application of these ‘omics’ techniques in 
environmental assessment has provided an additional level of understanding when 
monitoring ecosystem health, characterising the molecular signatures that signify an 
organism’s ability to respond and/or adapt to changing conditions (Veldhoen et al., 
2012). In displaying highly sensitive response profiles, molecular signatures have the 
potential to highlight the specific mode of action of an environmental stressor, and to 
provide the information required to understand which biological processes are being 
impacted and how an organism will respond to stress (Lin et al., 2006; Veldhoen et al., 
2012). Whilst such techniques enable a previously unprecedented understanding of 
stressor impacts on an organisms physiological functioning, to interpret such 
information these ‘omics’ techniques require an accurate definition of the study species, 
collection site and season (Genard et al., 2012; Li et al., 2010; Philipp et al., 2012). 
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 Metabolomics is the newest of these ‘omic’ approaches and is based on the 
study of low molecular weight endogenous metabolites within a biological sample (Lin 
et al., 2006; Tikunov et al., 2010; Viant, 2007). Enabling the cost-effective, unbiased 
and rapid analysis of a wide range of small-molecule metabolites simultaneously 
(Tikunov et al., 2010; Viant, 2007), metabolomics provides information on the 
functional status of an organism, which can in turn be related to its phenotype (Bundy et 
al., 2009; Spann et al., 2011). Metabolomics subsequently holds great promise as a 
research tool for environmental risk assessment (Ekman et al., 2008; Schock et al., 
2010), for the development of environmental systems models (Bundy et al., 2008; 
Schock et al., 2010; Viant, 2008) and for the discovery of new biological insights 
(Bundy et al., 2002; Schock et al., 2010).  
 High-resolution proton nuclear magnetic resonance (1H-NMR) spectroscopy is a 
post-genomic metabolomic technique, combining the high throughput metabolic 
profiling capabilities of 1H NMR with pattern recognition techniques to identify the 
metabolic differences between samples (Fiehn, 2002). Involving the rapid cessation of 
metabolic activity, following chemical exposure of a sample to liquid N2, NMR-based 
metabolomics provides a holistic assessment of an organism’s metabolic actions at the 
time of sampling (Tjeerdema, 2008). This method is therefore uniquely suited to 
detecting a large range of endogenous low molecular weight metabolites in a biological 
sample, due to the rapid processing of this technique, and the rich structural and 
quantitative information obtained (Wu and Wang, 2010). Yet, despite the advantages of 
applying metabolomics in environmental monitoring, to date much of this work has 
focused on vertebrate and terrestrial systems, with only a handful of studies having 
investigated the metabolome of aquatic species (Jones et al., 2008; Viant, 2007). Of the 
aquatic organisms studied it is perhaps not surprising that bivalves have received 
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particular attention. As outlined in Section 2.4, bivalves have traditionally been used for 
marine biomonitoring studies due to their life history and commercial importance 
(Dondero et al., 2006; Goldberg, 1986). The incorporation of metabolomic data into 
environmentally relevant results is therefore likely to be easier for this group than for 
many others (Jones et al., 2008).  
 With metabolomics providing a valuable technique for the investigation of 
environmental stressors, and with bivalves having received particular attention with 
respect to metabolomics in aquatic organisms, the application of metabolomics in 
bivalves holds great potential to increase the current understanding of anthropogenic 
climate change. To date only one study has investigated the impact of climate change 
stressors on the metabolic profile of a marine bivalve. Lannig et al. (2010) reported that 
exposure to reduced seawater pH led to an altered energy metabolism in the Pacific 
oyster, Crassostrea gigas, as measured by 1H NMR spectroscopy. However, this study 
did not measure the impact of a concomitant increase in seawater temperature, instead 
assessing the ability of oysters to survive an acute temperature challenge following 
exposure to reduced pH. Anthropogenic climate change is projected to lead to a 
reduction in seawater pH and a simultaneous increase in seawater temperature 
(discussed in Sect. 2.1 and 2.2). Therefore studying the impact of these two stressors 
together, and in concert with additional stressors, arguably offers the most biologically 
relevant insight. Furthermore, the study by  Lannig et al. (2010) did not take account of 
gender differences, and gender has been shown to significantly impact an organisms 
metabolic processes (Hines et al., 2007a). Consequently, to successfully detect a 
molecular signature of environmental stress, and to effectively decipher the information 
from such a technique, it is crucial to fully understand the phenotype of the organism 
concerned (Hines et al., 2007a, b, 2010). 
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 In the present study, 1H NMR-based metabolomics was applied to analyse the 
metabolomic response of the blue mussel, Mytilus edulis. The aim was to detect 
metabolic biomarkers that characterise exposure to reduced seawater pH and increased 
seawater temperature, to assess the impact of a pathogen exposure on the metabolism of 
blue mussels and finally to detect any difference in the metabolic response of male and 
female mussels exposed to these environmental stressors. 
 
5.2. MATERIALS AND METHODS 
 
The mussels used in this metabolomics study were collected, maintained and sampled 
exactly as described in Sections 3.2.1 and 3.2.2 respectively). Briefly, mussels were 
collected during Dec 2009, from an intertidal estuarine mussel bed in Exmouth, east 
Devon, before being returned to the PML mesocosm. Mussels were immediately placed 
in the experimental system (described in Sect. 3.2.1) and maintained for 90 days. 
During the experiment mussels were fed with Isochrysis galbana (30 mg dry mass 
mussel-1 day-1). After an initial 90 day exposure to experimental conditions, one mussel 
was chosen at random from each replicate experimental chamber to sample the 
individual immune response, reproductive status, lipid content and metabolome. To 
study the mussel immune response haemolymph was extracted from the posterior 
adductor muscle to enable the antibacterial activity of cell-free haemolymph, total cell 
counts and differential cell counts to be measured (Sect. 3.2.3). In addition to measuring 
the immune response, tissue samples were taken to quantify reproductive status using 
histology (outlined in Sect. 4.2.1), GC-MS was used to quantify the fatty acid 
composition of mussel mantle tissue (described in Sect. 4.2.2. and 4.2.3) and the 
metabolite profile of mantle tissue was assessed using 1H NMR spectroscopy (described 
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in Sect. 5.2.1, 5.2.2 and 5.2.3 below). After this initial sampling time point, the 
remaining mussels in the system were exposed to a pathogenic challenge, exactly as 
outlined in Section 3.2.2, with the aforementioned parameters being measured again 1 
day and 7 days post inoculation. 
 
5.2.1 Metabolite extraction. 
 
Polar metabolites were extracted from the mantle tissue of mussels using the 
methanol/chloroform extraction method (Bligh and Dyer, 1959; Hines et al., 2007a, b, 
2010), exactly as outlined previously in Section 4.2.2 for the extraction of lipids. Unlike 
the lipid extraction it was the methanol layer containing the polar metabolites that was 
collected for metabolomic analysis. Polar metabolites were collected using a Hamilton 
syringe and transferred to a 1.5 ml Eppendorf® centrifuge tube. Each metabolite sample 
was subsequently dried using a centrifugal concentrator (Thermo Savant, Holbrook, 
NY) and stored at -80 °C.  
 
5.2.2 1H NMR Spectroscopy 
 
Immediately prior to NMR analysis, dried polar extracts were resuspended in sodium 
phosphate buffer (0.1 M in 10 % D2O and 90% H2O, pH 7.0, containing 0.5 mM 
sodium 3-trimethylsilyl-2,2,3,3,-d4-propionate (TMSP) chemical shift standard) (Hines 
et al. 2007a, b). Mantle tissue extracts were then analysed on a DRX-500 NMR 
spectrometer (Bruker Biospin, Coventry, UK; Fig. 5.1), equipped with a cryoprobe and 
operated at 500.18 MHz (at 300 K). One-dimensional (1-D) 1H NMR spectra were 
obtained as described by Hines et al. (2007a). Spectra were obtained using excitation  
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Figure 5.1 Bruker DRX-500 MHz NMR spectrophotometer used to obtain 1H NMR spectra. 
Image courtesy of J. Byrne, NERC metabolomics facility, University of Birmingham. 
 
sculpting for water suppression (Hwang and Shaka, 1995) and using a 8.4 µs (60°) 
pulse, 6 kHz spectral width and a 2.5 s relaxation delay with water presaturation. A total 
of 64 transients were collected into 16 348 data points, requiring a 4.5 min acquisition 
time. Data sets were zero-filled to 32 768 points, before line-broadenings of 0.5 Hz 
were applied prior to Fourier transformation. To maximise metabolite discrimination 
two-dimensional (2-D) 1H J-resolved (JRES) NMR spectra were also acquired (Viant, 
2003), being processed according to Hines et al. (2007b). 2-D JRES spectra were 
acquired for each sample using 16 transients per increment, for 16 increments, which 
were collected into 16 000 data points with spectral widths of 6 kHz in F2 (chemical 
shift axis) and 50 kHz in F1 (spin-spin coupling constant axis). A 4.0 s relaxation delay 
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was employed resulting in a total acquisition time of 24 min. Data sets were zero-filled 
in F1, the F2 dimension was then multiplied by a SEM window function using 0.5 Hz 
line broadening while the F1 dimension was multiplied by a sine-bell window function, 
all prior to Fourier transformation. JRES spectra were tilted by 45°, symmetrised about 
F1 and calibrated using TopSpin (Bruker Biospin). Data were exported as the 1-D 
skyline projections of JRES spectra (pJRES) and converted to a format for multivariate 
analysis using custom-written ProMetab software in MATLAB (version 7.1; The 
MathsWorks, Natick, MA; Viant 2003).  
 
5.2.3. Spectral pre-processing and statistical analysis 
 
Each spectrum was segmented into 0.005 ppm bins between 0.6 and 10.0 ppm, with 
bins resulting from water and TMSP excluded from all spectra, and with data points 
between 7.988 and 8.016 ppm being compressed into a single point. Data were 
normalised using the Probabilistic Quotient approach and noise filtered, with the noise 
threshold set to 3 times the standard deviation of a region of known noise (9.5 – 
10.0ppm). This produced a data matrix of 144 samples by 1000 bins. This matrix was 
then subject to a generalised log transformation using the lambda parameter 1.49 e-9, 
which stabilised the technical variance across the bins (Parsons et al., 2007; Purohit et 
al., 2004).  
 To test the impact of reduced seawater pH, increased temperature, a bacterial 
exposure and organism gender, data were tested using the PERMANOVA+ add in (beta 
version; Anderson et al., 2008) in PRIMER 6.1 (Clarke and Gorley, 2006). Data were 
first tested for homogeneity of variance, as outlined in Section 3.2.5, and Euclidean 
distance similarity matrices constructed. P-values were calculated using 999 
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permutations of the residuals under a reduced model.  Pair-wise comparisons were 
undertaken where a significant main effect, or an interaction between factors, was 
shown. Following pair-wise comparison, ordination of samples using non-metric multi-
dimensional scaling (MDS) was performed to display the biological relationships 
between samples, highlighting sample relatedness, and subsequently sample grouping, 
in low-dimensional ordination space (Clarke and Warwick, 2001).  
 Where a significant main effect was shown using PERMANOVA, data were 
further tested using SIMPER analysis, using a Euclidean distance similarity matrix. 
SIMPER analysis determines the percentage contribution of individual variables, in this 
instance different shifts, to the overall group dissimilarity. Annotation of shifts shown to 
contribute over 50 % of the group dissimilarity was then undertaken, using the software 
FIMA (Unpublished), identifying those metabolites that were shown to be important in 
the separation of treatment groups, and furthermore indicating the direction of the 
changes within each treatment. 
 
5.3. RESULTS 
 
Experimental parameters and organism mortality recorded during this study are reported 
in Chapter 3 of this thesis (Sect. 3.3.1 and 3.3.2 respectively). 
 
5.3.1. 1H-NMR spectroscopy of mussel mantle tissue 
 
A representative 1-D projection of a 2-D JRES NMR spectrum of mussel mantle tissue 
from M. edulis is presented in Figure 5.2. Several metabolite classes were identified, 
including amino acids (e.g. alanine), organic osmolytes (e.g. betaine, homarine), and 
Chapter 5                                                                                                                         Mussel Metabolome 
- 159 - 
 
Krebs cycle intermediates (e.g. succinate). However, NMR spectra were found to be 
dominated by the key organic osmolytes betaine (3.27 and 3.91 ppm) and taurine (3.25 
and 3.43 ppm), which were shown to have a 10 - 100 times higher intensity than all 
other metabolites. 
 
5.3.2. Metabolic response to reduced seawater pH 
 
Metabolic responses of mussels to environmental stress were investigated using 
PERMANOVA, which revealed a significant effect of reduced seawater pH on the 
mussel metabolome (Psuedo-F = 3.18, d.f. = 4, p = <0.001). As shown in Figure 5.3a 
exposure to reduced seawater pH resulted in significant separation of samples, with 
mussels exposed to pH 6.50 separating from all other pH treatments. This was further 
supported by pair-wise analysis, where the metabolome of mussels exposed to pH 6.50 
was shown to be significantly different from all other samples. Additionally, whilst the 
MDS ordination of samples revealed minimal separation of mussels exposed to the 
other pH levels (Fig.5.3b), pair-wise comparison also highlighted a significant 
difference in the metabolic profile of mussels exposed to pH 7.60 and 7.35 compared to 
control individuals maintained at pH 8.05.  
 Of the successfully identified metabolites from within the mantle tissue of 
mussels, SIMPER analysis indicated 19 metabolites that were shown to contribute over 
50 % of the dissimilarity between mussels exposed to pH 6.50, compared to all other 
pH levels. This group dissimilarity was largely caused by a decrease in metabolite 
concentration, with 14 out of the 19 identified metabolites shown to decrease (Table 
5.1). Furthermore, of the five metabolites shown to contribute most significantly to the 
 
Chapter 5                                                                                                                         Mussel Metabolome 
- 160 - 
 
 
Figure 5.2 Representative one-dimensional 600 MHz 1H NMR spectrum of mussel (Mytilus 
edulis) a) mantle issue extract and b) vertical expansion of the aromatic region. Keys: (1) 
Branched chain amino acids: isoleucine, leucine and valine, (2) lactate, (3) alanine, (4) arganine, 
(5) glutamate, (6) succinate, (7) aspartate, (8) asparagines, (9) lysine, (10) malonate, (11) 
taurine, (12) betaine, (13) glycine, (14) homarine, (15) ATP/ADP, (16) tyrosine and (17) 
histidine. 
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difference in mussels exposed to pH 6.50, valine (219.1 %), isoleucine (282.3 %), 
alanine (18.6 %), tyrosine (270.4 %) and succinic acid (219.5 %) were all shown to 
increase in concentration at this low pH.  
 Whilst exposure to pH 6.50 led to a general increase in metabolite concentration, 
interestingly it was a decrease in metabolite concentration in mussels exposed to pH 
7.60 and 7.35 that was shown to contribute to the difference between these mussels and 
those in the control group. Of the 22 metabolites shown to contribute over 50 % of the 
group dissimilarity, 16 were shown to decrease in concentration compared to mussels at 
pH 8.05. The five metabolites shown to contribute most significantly to the difference 
between control mussels and those at pH 7.60 and 7.35, were alanine, shown to 
decrease by 27.9 %, succinic acid, shown to decrease by 44.7 %, and an unidentified 
peak at 1.10 ppm, which is shown to decrease by 2.2%, whilst glycine (2.6 %) and 
formic acid (24.4 %) were both shown to increase in concentration at pH 7.60 and 7.35.  
 
5.3.3 Metabolic response to increased seawater temperature 
 
As with reduced seawater pH, an increase in seawater temperature had a significant 
effect on the metabolome of mussel mantle tissue (Pseudo-F = 2.50, d.f. = 1, p = 0.01). 
However, minimal separation of samples was revealed in the MDS ordination based on 
seawater temperature (Fig. 5.3c). SIMPER analysis revealed that 23 metabolites were 
responsible for over 50 % of the group dissimilarity between mussels exposed to 12.5 
°C and 17.0 °C. This group dissimilarity is predominantly caused by an increase in 
metabolite concentration, with 14 of the 23 metabolites shown to increase in mussels 
exposed to 17.0 °C, however a significant proportion of the metabolites were also 
shown to decrease in concentration, with 9 metabolites being reduced in mussels  
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Figure 5.3 Non-metric multi-dimensional scaling ordination plots for the Euclidean distance 
similarity metabolite data for a) reduced seawater pH (▼= pH 8.05 – 7.35;▲= pH 6.5), b) 
reduced seawater pH (▼ = pH 8.05;▲ = pH 7.80,  = pH 7.60;  = pH 7.35), c) increased 
temperature (■ = 12.5°C; ■ = 17.0°C), d) a bacterial exposure (♦ = pre-bacterial exposure; ♦ = 
post inoculation) and e) gender (● = Female; ● = Male). N = 144 individuals.
2D Stress: 0.182D Stress: 0.15
2D Stress: 0.15 2D Stress: 0.15
2D Stress: 0.15
e) 
d) c) 
a) b) 
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Table 5.1 Relative changes in the metabolite concentration between treatment groups. Arrows represent the direction of change in metabolite levels. Relative 
metabolites have been selected as those which are shown to contribute over 50 % of the dissimilarity between different treatment groups as measured by SIMPER. 
Main contribution to group differences are indicated by letters, with the five individual metabolites shown to represent the greatest contribution marked in 
descending order (a-e). N = 144 individuals.  
3-Aminoisobutyric acid 54.7 % ↓ 30.5 % ↑ 100.1 % ↑ 3.6 % ↑ 902.2 % ↑
3-Methylhistidine 6.6 % ↓ 12.7 % ↓ 67.6 % ↑
Alanine 18.6 % ↑ c 27.9 % ↓ a 1.2 % ↑ a 27.2 % ↓ a 24.5 % ↓ a
AMP 18.6 % ↑ 7.3 % ↓ 9.2 % ↑ 0.5 % ↓ 51.9 % ↓
Arginine 9.9 % ↑ 17.1 % ↓ 1.4 % ↑ 23.0 % ↓ 8.6 % ↓
Asparagine 176.1 % ↑ 19.0 % ↓ 2.7 % ↑ 23.5 % ↓ 3.2 % ↑
Aspartic acid 53.7 % ↓ 24.2 % ↑ 17.1 % ↑ 21.3 % ↓
Carnosine 114.1 % ↑ 22.3 % ↑ 5.9 % ↑ 4.9 % ↑ 42.3 % ↓
Dimethylamine 21.3 % ↑ 20.6 % ↑ 5.5 % ↑ 27.3 % ↑
Formic acid 60.6 % ↓ 24.4 % ↑ e 17.7 % ↓ 18.1 % ↑ 140.8 % ↑
Glutamine 27.1 % ↓ 14.7 % ↑ 2.7 % ↑ 29.3 % ↓
Glutamine/Glutamate 217.3 % ↑ 7.8 % ↓ 1.9 % ↓ 11.6 % ↑
Glycine 61.9 % ↓ 2.6 % ↑ c 56.0 % ↓ e 23.2 % ↑ e 203.7 % ↑ c
Inosine 5 monophosphate 57.6 % ↓ 0.5 % ↑ 24.4 % ↓ 13.8 % ↑ 29.8 % ↑
Isoleucine 282.3 % ↑ b 17.4 % ↓ 4.0 % ↓ 43.8 % ↓ d 6.0 % ↑
Leucine 239.5 % ↑ 5.9 % ↓ 5.2 % ↓ 40.7 % ↓ 27.1 % ↓
Lysine 99.7 % ↑ 5.2 % ↓ 11.8 % ↑ 20.5 % ↓ 24.8 % ↑
Proline 97.9 % ↑ 35.0 % ↓ 25.7 % ↑ 20.2 % ↓ 23.3 % ↓
Succinic acid 219.5 % ↑ e 44.7 % ↓ b 26.6 % ↑ c 59.6 % ↓ c 28.9 % ↓ d
Threonine 140.4 % ↑ 7.1 % ↓ 8.7 % ↓ 26.5 % ↓ 11.8 % ↓
Tyrosine 270.4 % ↑ d 6.4 % ↓ 17.9 % ↑ 39.3 % ↓ 4.4 % ↓
Unknown largae peak 1.098 2.2 % ↓ d 8.7 % ↓ d 12.3 % ↑ 11.8 % ↑ e
Valine 219.1 % ↑ a 12.6 % ↓ 0.7 % ↑ b 33.2 % ↓ b 4.7 % ↑ b
Effects of reduced 
seawater pH 
(pH 8.05-7.35 vs 
pH 6.5)
Effects of 
increased seawater 
temperature 
(12.5°C vs 17.0°C)
Effects of a 
bacterial exposure 
(Pre-exposure vs 
Post inoculation)
Effects of gender 
(Females vs Males)
Metabolite
Effects of reduced 
seawater pH 
(pH 8.05 vs 
pH 7.60 + 7.35)
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maintained at an elevated seawater temperature (Table 5.1). Of the five metabolites 
shown to contribute most significantly to group dissimilarity, an increase in temperature 
was shown to increase the concentration of alanine (1.2 %), valine (0.7 %) and succinic 
acid (26.6 %), yet decrease both glycine (8.7 %) and an unidentified peak at 1.10 ppm 
(8.7 %).  
 
5.3.4 Metabolite response to a bacterial challenge 
 
Whilst PERMANOVA demonstrated a significant impact of a bacterial challenge on the 
metabolite profile of mussel mantle tissue (Pseudo-F = 2.02, d.f. = 2, p = 0.009), MDS 
ordination of samples revealed little separation based on pathogen exposure (Fig. 5.3d). 
Subsequent pair-wise analysis indicated a significant impact of a pathogenic challenge 
but not exposure duration. Mussels measured prior to a bacterial exposure were shown 
to have a significantly different metabolome to those measured both 1 day and 7 days 
post inoculation. However, there was no significant difference between the metabolome 
of mussels sampled 1 d and 7 d post inoculation. SIMPER analysis revealed 21 
metabolites that were responsible for over 50 % of this group dissimilarity. Of these, 9 
metabolites were shown to increase in concentration following a pathogenic challenge, 
whilst 12 were shown to decrease (Table 5.1). The five metabolites shown to contribute 
most significantly to group dissimilarity between mussels measured pre- and post-
bacterial exposure were alanine, shown to decrease by 27.2 %, valine, shown to 
decrease by 33.2 %, succinic acid, shown to decrease by 59.6 %, and isoleucine, shown 
to decrease by 43.8 %, whilst glycine was shown to increase by 23.2 %.  
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5.3.5 Metabolite composition of mantle tissue in male and female mussels 
 
Whilst reduced seawater pH, increased temperature and a bacterial exposure were all 
shown to significantly impact the metabolome of mussels, PERMANOVA also 
demonstrated a significant impact of gender (Pseudo-F = 14.38, d.f. = 1, p = <0.001). 
Furthermore, this sample separation was also clearly demonstrated by MDS ordination 
(Fig 5.3e). SIMPER analysis indicated 21 metabolites that were responsible for over 50 
% of the group dissimilarity between male and female mussels (Table 5.1). Males had a 
higher concentration of valine (4.7 %), glycine (203.7 %) and a compound that 
produced an unidentified peak at 1.10 ppm (11.8 %), whereas females had a higher 
concentration of alanine (24.5 %) and succinic acid (28.9%).  
 
5.3.6 Metabolic response of mussels exposed to a combination of stressors 
 
Whilst each of the experimental factors tested in this study were shown to impact the 
mussel metabolome independently, there was no significant interaction between these 
factors. Furthermore, whilst the metabolome of males and females was significantly 
different, there was no difference in the response of males and females to any of these 
experimental factors.  
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5.4. DISCUSSION 
 
5.4.1. Effects of reduced seawater pH and increased temperature on the mussel 
metabolome 
 
In showing a clear separation between the control and reduced seawater pH exposed 
groups, this study demonstrated that ocean acidification (OA) significantly affects the 
metabolic profile of mussel mantle tissue. Furthermore, as was shown for both immune 
system maintenance (Sect. 3.4.2) and for reproductive provisioning (Sect. 4.4.1), this 
effect became most apparent in mussels exposed to pH 6.50. Whilst an exposure to pH 
7.60 and 7.35 was shown to impact the mussel metabolome, this was less pronounced, 
with no clear separation of these samples using MDS ordination.  
 Mussels exposed to pH 6.50 were characterised as having significantly higher 
levels of both alanine and succinic acid (also referred to as succinate), as well as valine, 
isoleucine and tyrosine. Constituting the major end-product in the anaerobic breakdown 
of glucose (Liu et al., 2011; Stokes and Awapara, 1968), alanine is an early indicator of 
acute anaerobiosis in marine bivalves (Grieshaber et al., 1994; Kurochkin et al., 2009), 
with its presence usually preceding an accumulation of succinate (De Zwaan et al., 
1976; Michaelidis et al., 2005a). Therefore in demonstrating a significant elevation in 
both these metabolites in the mantle tissue of mussels exposed to pH 6.50, it would 
appear these mussels may have gone beyond their optimum range for aerobic 
performance, with a limited capacity for ventilation and cardiac performance at pH 6.50 
leading to oxygen limitation and a reduced aerobic scope in this tissue (Frederich and 
Pörtner, 2000). Whilst metabolic rate and oxygen consumption were not measured in 
the present study, previous research showed that exposure to elevated CO2 led to an 
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accumulation of succinate in both the gill and hepatopancreas of oysters, as measured 
by NMR-based metabolomics (Lannig et al., 2010). Furthermore, the study by Lannig et 
al. (2010) also measured a concomitant reduction in haemolymph oxygen concentration 
at a constant standard metabolic rate, which would suggest oysters exposed to reduced 
seawater pH experience anaerobiosis. Additionally, Michaelidis et al. (2005b) 
demonstrated that mussels exposed to reduced seawater pH experience a decreased rate 
of oxygen consumption and a marked decrease in their metabolic rate. Whilst 
Michaelidis et al. (2005b) did not measure alanine or succinate content in mussel 
tissues, these authors did measure a respiratory acidosis in the extracellular fluids of 
mussels, suggesting that the reduction in extracellular pH (pHe) led to the reduced 
aerobic scope and the observed reduction in aerobic metabolism. 
 Extracellular pH has been shown to be an important determinant of metabolic 
rate in a number of organisms, with a reduction in metabolic rate occurring if pHe drops 
below a certain threshold (Pörtner, 2008). Previous research has shown that mussels 
exposed to elevated pCO2 have a poor capacity to control or compensate their 
extracellular pH (Thomsen et al., 2010). Subsequently, it is likely that the accumulation 
of both alanine and succinate in the mantle tissue of mussels exposed to pH 6.50 is 
therefore as a result of a drop in pHe, reducing the scope for aerobic metabolism and 
thus increasing anaerobic metabolism. 
 In addition to measuring an increase in alanine and succinic acid in mussels 
exposed to pH 6.50, this study also measured an accumulation of valine, isoleucine and 
tyrosine in these organisms. Jones et al. (2008) measured an increase in the 
concentration of valine in mussels exposed to a combination of nickel, a trace metal, 
and chlorpyrifos, an insecticide, whilst Tuffnail et al. (2009) showed a hypoxia-related 
increase in valine levels in M. edulis. Furthermore, Liu et al. (2011) also measured an 
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elevated level of these branched-chain amino acids in the Manila clam exposed to 
mercury. These authors consequently proposed a disturbance in osmotic balance to be 
the cause of this metabolite accumulation,  highlighting the role of the free amino acid 
pool in balancing intracellular osmolarity in molluscs (Viant et al., 2003). However, 
these oxidisable amino acids are also used extensively for energy metabolism (Tikunov 
et al., 2010). Therefore further study is required to confirm the mechanism by which 
these branched-chain amino acids increase in concentration in mussels exposed to pH 
6.50.  
 Whilst exposure to pH 6.50 led to an increase in both alanine and succinic acid 
concentration, exposure to pH 7.60 and 7.35 resulted in a decrease in both amino acids. 
Furthermore, exposure to moderate seawater acidification led to a reduction in an 
unidentified metabolite (spectral peak 1.10 ppm), as well as an increase in the 
concentration of both isoleucine and glycine. Measuring a reduction in both alanine and 
succinic acid in mussels exposed to moderate seawater acidification would suggest they 
have not exceeded their aerobic scope at this pH. Indeed, as alanine can be 
transaminated to pyruvate as part of gluconeogenesis, a process that fuels an increased 
metabolic demand (Lannig et al., 2010), recording a decrease in alanine and succinic 
acid more likely suggests an increase in aerobic metabolism in these organisms. Such an 
increase in gluconeogenesis, and the subsequent decrease in alanine concentration as 
measured in the current study, has previously been recorded in fish and oysters exposed 
to moderate seawater acidification (Deigweiher, 2009; Lannig et al., 2010). Whilst 
gluconeogenesis was not measured in this present study it is interesting that Thomsen 
and Melzner (2010) also demonstrated an increase in metabolic rate in mussels exposed 
to pH 7.70, 7.38 and 7.14, compared to controls. These authors suggest that mussels 
exposed to moderate seawater acidification increase their metabolic rate to compensate 
Chapter 5                                                                                                                         Mussel Metabolome 
- 169 - 
 
for the increased cellular energy demand and increased nitrogen loss experienced under 
these conditions. 
 As well as showing a decrease in alanine and succinic acid in mussels exposed 
to pH 7.60 and 7.35, mussels also show a reduced concentration of the unknown 
metabolite 1.10 ppm, whilst glycine and formic acid increased. The spectral peak at 
1.10 ppm has been documented previously in NMR-based metabolomics, with this 
metabolite being important in the separation of control and cadmium exposed groups of 
the green mussel, Perna viridis (Wu and Wang, 2010). However, despite the impact of 
metal toxicity on this metabolite, its identity and therefore its mode of action remain 
unknown, as is also the case with formic acid at present. Conversely, glycine is one of 
the most commonly annotated metabolites in marine bivalves, being an important 
organic osmolyte, central to bivalve osmotic regulation. Previous research has 
demonstrated an increase in glycine in response to mercury (Liu et al., 2011), whilst an 
exposure to copper (Wu and Wang, 2010; Zhang et al., 2011), cadmium (Wu and Wang, 
2010) and nickel (Jones et al., 2008) are all shown to decrease glycine concentration. As 
with valine and isoleucine, an alteration in glycine concentration is widely accepted as 
an indication of a disturbance to osmoregulation, therefore in measuring an increase in 
glycine at pH 7.60 and 7.35 likely indicates a disturbance to osmoregulation under 
moderate seawater acidification.  
  
5.4.2 Effects of increased seawater temperature on the mussel metabolome 
 
An increase in temperature is understood to lead to an increase in metabolism in 
ectothermic organisms (Somero, 2002). Subsequently, in showing alanine and succinic 
acid to be important factors in the separation of the control (12.5 °C) and increased 
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temperature (17.0 °C) mussel groups, the current study demonstrated such an impact of 
temperature on the energy metabolism in mussels. Interestingly however, as noted in 
mussels exposed to pH 6.50, individuals exposed to the increased temperature treatment 
in the present study were shown to have higher levels of both alanine and succinic acid 
in their mantle compared to mussels maintained at 12.5 °C. With an increase in alanine 
and succinate widely accepted as biomarkers of anaerobiosis (De Zwaan et al. 1976; 
Michaelidis et al. 2005a), this would suggest that at 17.0 °C the mussels used in the 
present study have reached their thermal tolerance limit and exceeded their aerobic 
scope. This is perhaps surprising, given the moderate level of warming used in the 
current study and the range of temperatures mussels would naturally be exposed to in 
their temperate intertidal estuarine habitat (Attrill et al., 1999; Morris and Taylor, 1983). 
One possible explanation for this response may be due to the difference between the 
temperature exposure used in the current study and the marked fluctuation of extreme 
temperatures mussels will naturally experience in the field. Estuaries are typically 
dynamic systems, with conditions fluctuating over a multitude of temporal scales, such 
as seasonal, diurnal and tidal cycles (Attrill et al., 1999). Therefore, whilst mussels will 
likely experience temperatures far in excess of 17.0 °C, often in concert with additional 
stressors such as air exposure, these exposures will often be of a much shorter duration 
(circa 6 hours) interspersed by periods of respite at cooler temperatures. Mussels may 
therefore have adapted to cope with such an exposure regime, with adaptation 
mechanisms having evolved in mussels to ensure survival of acute periods of stress 
exposure followed by periods in which organisms can restore physiological 
homeostasis. In the present study however, mussels were subjected to a prolonged 
exposure to increased seawater temperatures, as proposed to occur at the end of the 
current century (IPCC 2007), with no respite offered by periodic exposure to cooler 
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temperatures. Therefore, prolonged exposure to increased temperature may lead to a 
reduction in oxygen capacity, a reduction in aerobic scope and thus an increase in 
anaerobiosis. It is also possible however, that the increase in both alanine and succinic 
acid are as part of a tissue specific response, with mussels reducing metabolic demand 
and oxygen consumption in mantle tissues as a physiological trade-off to maintain 
homeostasis in other tissues, such as the gills or hepatopancreas. As a result, to fully 
understand the mechanism by which a moderate temperature increase impacts the 
overall mussel metabolic status, further study is required to investigate whole organism 
oxygen consumption and tissue specific metabolic profiles under stressful conditions. 
Nonetheless, in showing an altered energy metabolism in the mantle of mussels exposed 
to a warming scenario predicted to occur within the next century (IPCC, 2007), this 
study has emphasised the importance of this abiotic factor in determining organism 
performance even under a relatively moderate, yet stable, increase.  
 In addition to measuring an increase in alanine and succinic acid in mussels 
exposed to increased seawater temperatures, warming led to an increase in valine as 
well as a decrease in both glycine and an unidentified metabolite at 1.10 ppm. The 
increase in valine was also shown in mussels exposed to pH 6.50 (Sect. 5.4.1). It is 
likely that this increase in valine and reduction of glycine is due to a disturbance of 
osmoregulation or energy metabolism under increasing seawater temperatures, however 
further study is required to confirm this hypothesis. Additionally, the unidentified 
metabolite at 1.10 ppm was shown to be reduced by moderate seawater acidification, 
however with the identity of this metabolism remaining unknown, its mode of action 
cannot be understood at present. 
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5.4.3 Effects of a pathogen exposure on the mussel metabolome 
 
Exposure to a pathogenic challenge is understood to be energetically costly (Flye-
Sainte-Marie et al., 2007), therefore it is not surprising that in the current study a 
bacterial exposure was shown to have a significant effect on the mussel metabolome. As 
shown in mussels exposed to pH 7.60 and 7.35, an exposure to Vibrio tubiashii led to a 
decrease in both alanine and succinic acid concentration. As an increase in both alanine 
and succinic acid are clear biomarkers of anaerobic metabolism in marine molluscs (De 
Zwaan et al., 1976), this would suggest a pathogenic challenge does not lead to 
anaerobiosis in these organisms under the conditions of the current experiment. 
Furthermore, as was proposed with a moderate reduction in seawater pH (Sect. 5.4.1), it 
is possible that a reduction in both alanine and succinic acid indicates an increased 
energetic demand in infected mussels, and thus an increased metabolic rate. However, 
to confirm this hypothesis and to understand the full metabolic cost of a pathogen 
exposure further study is required taking into account seasonal factors and ideally a 
range of ecologically relevant pathogens for European mussel populations.   
 Alongside measuring a reduction in succinic acid and alanine, mussels exposed 
to a pathogenic challenge were shown to have lower levels of both valine and isoleucine 
in their mantle, compared to organisms studied prior to an inoculation, as well as 
increased levels of glycine. As discussed previously (Sect. 5.4.1), valine and isoleucine 
are branched-chain amino acids involved in both osmoregulation and energy 
metabolism in marine molluscs (Tikunov et al., 2010; Viant et al., 2003), whilst glycine 
is an important organic osmolyte (Liu et al., 2011). The accumulation of these 
metabolites is shown to be affected by trace metal contamination, hypoxia and an 
insecticide exposure (Jones et al., 2008; Liu et al., 2011; Tuffnail et al., 2009; Wu and 
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Wang, 2010; Zhang et al., 2011), indicating their importance as indicators of metabolic 
stress. However, whilst it is likely that it is a disturbance of energy metabolism or 
osmoregulation that has led to the altered levels of these metabolites in the present 
study, the exact mechanism resulting in altered accumulation remains unknown at 
present.  
 
5.4.4 Effects of gender on the mussel metabolome 
 
In demonstrating an effect of gender on the metabolome of mussel mantle tissue, this 
study supports previous research which has shown the metabolic profile in male and 
female mussels to differ significantly (Hines et al., 2007a, b). However, in contrast to 
previous research, in the present study the difference is predominantly caused by higher 
levels of alanine and succinic acid in females, and higher concentrations of valine, 
glycine and an unidentified metabolite at 1.10 ppm in males. Hines et al. (2007a) also 
showed that male mussels where characterised by a higher concentration of glycine. 
However these authors also demonstrated higher concentrations of phosphoarginine and 
glutamate in males, a difference that was not noted in the present study. Furthermore, in 
the study by Hines et al. (2007a), females were shown to have higher levels of 
acetoacetate, lysine, tyrosine and an unidentified metabolite at 3.69 ppm, whilst no 
significant difference in the levels of alanine or succinic acid were noted. The difference 
between the two studies may be due, in part, to the season in which the organisms were 
sampled. Hines et al. (2007a) studied the response of organisms collected during July, 
falling within the spawning period of the sample population. Conversely, in the present 
study the mussel metabolome was measured during winter. Therefore, the differences 
noted in the metabolome of male and female organisms between the current study and 
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that of Hines et al. (2007a) may be caused by a varying influence of reproductive 
processes on the metabolome at different times of the year. Conversely the different 
metabolic profile noted in the two studies may be due to species differences, caused by 
a slight difference in the reproductive strategy of the two study organisms. Whilst the 
present study used M. edulis, Hines et al. (2007a) investigated the metabolic profile of 
M. galloprovincialis. M. edulis is shown to have a shorter, more vigorous and 
concentrated spawning period compared to M. galloprovincialis (Bayne, 1976). Thus, a 
more distinct metabolic change might be predicted to occur in the ripe tissues of M. 
edulis, leading to a different metabolic profile and hence to different metabolites 
contributing to the gender differences. Such an impact of species on metabolite profile 
was subsequently demonstrated by Hines and colleagues in a subsequent study, where 
both the impact of gender and reproductive status were investigated (Hines et al., 
2007b). In showing ripe M. edulis to differ in their metabolite profile compared to M. 
galloprovincialis, this second study by Hines et al. (2007b) outlined the subtle but 
significant differences in the metabolome of these two mussel species, highlighting that 
understanding an individual’s species is crucial to accurately interpret any metabolomic 
data. 
 Whilst it is possible that the disparity between the two studies is due to species 
differences, it is also feasible this contrast is due to the time during the reproductive 
season at which mussels were sampled. In the present study mussels were collected in 
December and maintained until late March, a period during which mussels typically 
reconstitute energy reserves before undergoing gametogenesis (Lowe et al., 1982). 
However by sampling in July, typically a period in the middle of the mussel spawning 
season, the study by Hines and colleagues (2007a) investigated individuals later in their 
reproductive season, likely resulting in a different metabolic profile. Similarly, Hines et 
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al. (2007b) demonstrated an impact of season on the mussel metabolome. Whilst 
spawning was shown to lead to an increase in the glycine concentration of female M. 
edulis, spent males had a significantly lower glycine concentrations compared to ripe 
individuals. This impact of spawning led to a reversal of the gender difference in the 
concentration of glycine noticed in ripe mussels, leading the authors to suggest that 
investigators need to be cautious in using this metabolic marker as a determinant of 
gender assignment, and that as with species, understanding an individual’s reproductive 
status will help in interpreting metabolomic data. Therefore in the present study, the fact 
that all the mussels included in the metabolomic study were ripe adults, or organisms 
still undergoing gametogenesis, this may have resulted in a different metabolic profile 
compared to mussels used by Hines et al. (2007a).  
 Interestingly, in showing both alanine and succinic acid to be important 
discriminates of gender, the present study highlights the importance of energy 
metabolism for differentiating between male and female mussels. Females are shown to 
have a higher level of both metabolites in their mantle tissue compared to males, 
suggesting anaerobic metabolism is more prevalent in female reproductive tissues. 
Given that males are widely understood to adopt a more risk prone strategy with respect 
to resource allocation and reproduction (as discussed in Sect. 3.4.2), this metabolic 
profile may therefore have been as a result of males investing more resources towards 
reproduction and thus reproductive tissues, potentially at the expense of other 
physiological processes under stressful environmental conditions. However, to test this 
hypothesis further study is again required to investigate the metabolic profile and 
oxygen consumption of other tissues within male mussels and to investigate the impact 
of anthropogenic climate change on the metabolic profile of mussels at different stages 
of the reproductive cycle. 
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5.4.5 Conclusions 
 
In showing the metabolome of M. edulis to be impacted by reduced seawater pH, 
increased seawater temperature, a bacterial exposure and gender, the current study 
further highlights the potential of this post-genomic molecular technique for 
investigating the impact of environmental stress on marine invertebrate physiology. 
Unsurprisingly, exposure to reduced seawater pH, increased seawater temperature and a 
bacterial exposure were all shown to impact the energy metabolism in mussels, with 
both alanine and succinic acid contributing significantly to the group dissimilarity 
measured between impacted and control groups for each of these environmental 
stressors. Exposure to moderate seawater acidification is shown to lead to a slight 
increase in aerobic metabolism, whilst exposure to pH 6.50 led to anaerobiosis in the 
mantle tissues of mussels. Surprisingly, an increased seawater temperature expected to 
occur within the next century (IPCC 2007) was also shown to lead to an increase in 
metabolic biomarkers of anaerobic metabolism, despite this temperature being within 
the range of environmental temperatures mussels will be naturally exposed to in their 
estuarine intertidal habitat. In addition to measuring a cost of reduced seawater pH and 
increased temperature, a bacterial exposure was also shown to be metabolically costly, 
with a decrease in alanine suggesting increased aerobic metabolism. However, to fully 
understand the extent to which mussels increase aerobic respiration or the threshold at 
which they exceed their aerobic scope, under environmental stress requires the 
investigation of tissue specific oxygen consumption and metabolic profiles. 
  The free fatty acid pool, and specifically the metabolites valine, glycine and 
isoleucine are also shown to be important biomarkers of environmental stress in mussels 
in the current study. However, whilst these metabolites are the most predictive 
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parameters of environmental stress, the exact mechanism by which stress is impacting 
the mussel metabolism remains unknown. Branched-chain amino acids, such as glycine 
and valine, are important for both energy metabolism and osmoregulation in bivalves, 
and thus to understand how environmental stress is impacting mussel physiology again 
requires further study. Moreover, this study highlighted the importance of an unknown 
metabolite at 1.10 ppm for determining exposure to environmental stress, demonstrating 
its importance in the mussel stress response. Yet the identity of this metabolite is 
required to fully characterise and understand its mode of action. 
 Whilst environmental stressors are shown to significantly impact the mussel 
metabolome, as measured by 1H-NMR based metabolomics; gender is also shown to be 
a key determinant of the metabolic profile in M. edulis. Furthermore, it is the same 
metabolites that are shown to be responsible for the group dissimilarity in organisms 
exposed to environmental stress that are also shown to be predictive of organism 
gender. This study therefore re-emphasises the importance of accounting for organism 
gender when investigating the impact of environmental stressors on marine invertebrate 
physiological functioning and when interpreting metabolomic data derived from 
perturbation experiments. 
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CHAPTER 6.  OVERALL DISCUSSION AND 
CONCLUSIONS  
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6.1. INTRODUCTION 
 
The aims of this thesis, as outlined in Chapter 1, were two-fold. To investigate the 
impact of environmental stressors on the mollusc immune response, providing empirical 
data on how anthropogenically induced stressors affect the invertebrate immune system, 
and how this in turn influences organism condition and physiological trade-offs. As 
discussed in chapter 2, this study focused on the impact of anthropogenic climate 
change, proposed as one of the greatest threats to marine ecosystems (Harley et al., 
2006). Using a laboratory based experimental setup, adults of the blue mussel, Mytilus 
edulis, were exposed to a range of environmental temperatures and seawater pH levels 
predicted to occur over the next 100 – 300 years (IPCC, 2007). Assessing the impact of 
any stressor-induced immune suppression on organism disease resistance in the 
presence of the pathogenic bacterium, Vibrio tubiashii, this study investigated the 
impact of ocean acidification (OA) and ocean warming on mussel immunocompetence 
functionally (Chapter 3). Furthermore, in addition to measuring host defence, this study 
also investigated reproductive investment (Chapter 4), fatty acid composition of mantle 
tissue (Chapter 4) and the mussel metabolome (Chapter 5), with the aim of investigating 
the impact of anthropogenic climate change on organism condition as well as on the 
trade-off of resources allocated to different life-history traits. 
 The results obtained from this thesis have demonstrated that exposure to reduced 
seawater pH, increased temperature and a pathogen exposure induces a complex set of 
physiological responses in M. edulis. Mussels are seemingly tolerant of a moderate 
reduction in seawater pH, with immune response, reproduction and energetic resource 
sequestration remaining unaffected. However, when exposed to pH 6.50 mussel 
survival, immune defence, reproduction and metabolism are all significantly depressed. 
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Whilst exposure to OA had little impact on these organisms at a level predicted to occur 
by 2300, increased seawater temperature significantly affected reproduction and 
metabolism. Furthermore, increased temperature enhanced the sensitivity of mussels to 
low pH seawater, significantly reducing survival. However, perhaps the most notable 
result from this study is that an inoculation with the pathogenic bacterium V. tubiashii 
was shown to lead to an alteration in mussel energy allocation. Organisms exposed to 
pH 6.50 were shown to up-regulate host defence alongside a concurrent decrease in the 
energy allocated to reproduction. In exposing mussels to a pathogenic challenge, this 
study was able to demonstrate the complex physiological trade-offs employed by M. 
edulis exposed to environmental stress, yet failing to account for these trade-offs may 
lead to a misinterpretation of results and an inaccurate assessment of the sensitivity of 
mussels to anthropogenic climate change. Furthermore, as highlighted throughout this 
thesis it is crucial to account for the impact of gender, season and local adaptation when 
assessing the sensitivity of an organism to reduced seawater pH and increasing 
temperature. 
 Having above summarised the main experimental results obtained from this 
thesis, the remainder of this discussion chapter will first consider these results within 
the context of existing literature (Sect. 6.2). Section 6.3 will then outline the limitations 
of current research, highlighting the specific areas in which a concerted research effort 
is needed to help develop our understanding of environmental stressor impacts. Finally, 
any overall conclusions that can be drawn from this thesis will be presented in Section 
6.4. 
 
 
 
Chapter 6                                                                                                                           General Discussion 
- 181 - 
 
6.2. FROM METABOLITES TO META-ANALYSIS - THE RESPONSE OF 
MUSSELS TO ANTHROPOGENIC CLIMATE CHANGE  
 
As calcifying marine organisms of significant commercial importance (FAO, 2010; 
Gestal et al., 2008; Gosling, 2003), mussels have received particular attention over the 
past decade with respect to OA and anthropogenic climate change. Yet despite being 
perceived as one of the most vulnerable groups to perturbations in seawater carbonate 
chemistry (Fabry et al., 2008; Kleypas et al., 2006; Orr et al., 2005), there is as yet no 
consensus on what the impact of anthropogenic climate change on marine mussels or 
other species of molluscs will be. The present study suggests that the inability to 
observe a significant mean effect in previous research may be due, in part, to the 
different experimental levels of acidification used in those studies or artefacts of the 
experimental design leading to a subsequent misinterpretation of results. Furthermore, 
as shown throughout this thesis, it is possible that failing to account for gender 
differences in the response of mussels to environmental stress may result in previous 
research having reported contrasting results. These contrasting results could in turn 
impede a conclusive meta-analysis of the sensitivity of mussels to OA. By considering 
the results of this thesis in light of previous research on M. edulis, the below subsections 
will discuss the likely impact of reduced seawater pH, increased seawater temperature 
and a pathogenic challenge on the survival of mussel populations in a future ocean. 
 
6.2.1 Effects of reduced seawater pH on the immune response, reproduction and energy 
allocation in mussels 
 
In showing the mussel immune response to be unaffected by a moderate reduction in 
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seawater pH, this present study appears to contradict previous research where mussels 
exposed to pH 7.7 and 7.4 were shown to significantly reduce phagocytic activity 
(Bibby et al., 2008) and lysozyme-like activity of cell-free haemolymph (Matozzo et al., 
2012). Previous research has shown that the bivalve mollusc immune response is 
significantly affected by season, with organisms having a reduced immune response in 
summer, during their spawning period, compared to organisms studied in the spring or 
autumn (Matozzo et al., 2003; Pipe et al., 1995b). This reduced investment in immune 
system maintenance during summer could be as a result of a trade off between the cost 
of immunity and the energetically expensive process of spawning. As proposed in 
Chapter 3, it is possible that the difference between the current thesis and the studies 
carried out by Bibby et al. (2008) and Matozzo et al. (2012), may be due in part to the 
seasonality of the mussel immune response or to a difference in the sensitivity of the 
different populations used. In the present study, mussels were sampled during the 
winter, a period of energy reconstitution in  these organisms (Lowe et al., 1982), 
whereas Bibby et al. (2008) sampled mussels during June, corresponding to the summer 
spawning period in the sampled population. However, whilst the seasonality of the 
immune system may partially explain this variation, a recent study by  Matozzo et al. 
(2012) would appear to refute an overriding seasonal impact on organism response. 
These authors collected individuals during December, with organisms collected during 
winter still showing a reduction in host defence under OA scenarios (Matozzo et al. 
2012).  
 Alternatively, it is possible that the difference between the present study, and 
that of Bibby et al. (2008) and Matozzo et al. (2012), is due to a different sensitivity of 
populations studied. The mussels used throughout this thesis were collected from an 
intertidal estuarine site, whereas the two previous studies collected individuals from 
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intertidal rocky shore locations. It is possible therefore that differences in the variability 
of carbonate chemistry parameters that exist naturally between these habitats (Borges 
and Gypens, 2010; Borges et al., 2006)  may have led to local adaptation, and thus to 
different sensitivities of mussel populations to OA. Finally, it is possible that these 
differences are in part due to the complex speciation of the Mytilus genus in the north 
west Atlantic (Hilbish et al., 2002). In collecting mussels from Exmouth, east Devon, 
the current study investigated a population that is proposed to comprise entirely of pure 
M. edulis (Hilbish et al., 2002). Conversely, Matozzo et al. (2012) measured the 
response in M. galloprovincialis, whilst Bibby et al. (2008) investigated the response of 
a population of mussels from North Cornwall, proposed to fall within a Mytilus hybrid 
zone (Hilbish et al., 2002). Therefore, it is possible that the different responses noted in 
the three studies may be as a result of genotypic differences in the response of mussels 
to environmental stress.   
 As with host defence, this present study demonstrated that seawater acidification 
(pH 7.80 to 7.35) did not impact reproductive processes, or the lipid composition of 
mantle tissue (Chapter 4). In showing reproduction to be largely unaffected by OA, the 
present study supports the findings of Beesley et al. (2008). Thus it is concluded that the 
mussels used in the current study are seemingly tolerant of ‘moderate’ seawater 
acidification, at least at levels predicted to occur over the next 100 - 300 years. 
Thomsen et al. (2010) noted a similar tolerance to OA in M. edulis from a population in 
Kiel fjord, where seawater pH naturally falls below 7.5 during the summer and autumn 
months. The results from Thomsen et al. (2010), along with the findings from the 
present study, suggest mussels may be able to adapt to local carbonate chemistry 
conditions. Such increased tolerance, or local adaptation, may be critical in assessing 
the overall vulnerability of mussels to reduced seawater pH across their geographical 
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range. Indeed, Parker et al. (2011) argue that selective breeding of resistant populations 
may offer a vital mechanism to safeguard aquaculture brood stock, as well as natural 
populations, under future seawater conditions. Nevertheless, failing to account for 
variations in the response of different populations may hamper our ability to make 
accurate predictions on the likely fate of mussels in a future ocean. 
  Despite showing no impact of moderate seawater acidification (pH 7.80 to 7.35) 
on immune defence, reproductive provisioning or fatty acid composition, exposure to 
pH 7.60 and 7.35 seawater was shown to impact the mussel metabolome (Chapter 5), 
with a decrease in alanine levels indicating a possible increase in aerobic metabolism. 
This observation supports findings reported by Lannig et al. (2010), the only previous 
study to have use metabolomics to investigate the impact of OA on the bivalve 
metabolome. In showing a decreased level of alanine in oysters exposed to pH 7.7, 
Lannig et al. (2010) proposed that this increased metabolic flux is a mechanism to 
compensate for the increased energy demand during moderate stress. Similarly, 
Thomsen and Melzner (2010) also demonstrated an increase in routine metabolic rates, 
measured by an increase in rates of oxygen consumption, in mussels exposed to pH 
7.70, 7.38 or 7.14.  Previous research showed that exposure to reduced seawater pH 
significantly decreased calcification (Gazeau et al., 2007) and increased shell 
dissolution (Melzner et al., 2011) in mussels. It is therefore possible that the increased 
metabolic demand noted in the present study at pH 7.60 and 7.35 may be associated 
with the increased cost of maintaining net calcification under these conditions (Findlay 
et al., 2012; Melzner et al., 2011; Wood et al., 2008). In demonstrating that exposure to 
pH 7.60 and 7.35 led to a slight increase in the shell breaking strength in the mussels 
sampled in the present study, whilst shell composition remained unaffected, Pearce et 
al. (unpublished) highlight these organisms are indeed able to maintain net calcification. 
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Nonetheless, despite measuring an increased metabolic rate, mussels in the current 
study still appear able to maintain the energy allocated to other physiological processes, 
indicating a certain level of tolerance to reduced seawater pH. The extent to which this 
increase is sustainable longer term, and thus the perceived vulnerability of these mussels 
to OA, will ultimately depend on the energetic resources available to mussels, as well as 
organism condition (Melzner et al., 2011; Wood et al., 2008, 2010).   
 Exposure to extreme acidification (pH 6.50) resulted in a reduction in the mussel 
immune response, supporting the findings of Bibby et al. (2008) and Matozzo et al. 
(2012), albeit under a more severe acidification scenario. Furthermore, maintenance in 
pH 6.50 seawater resulted in a pronounced reduction in gamete investment, suggesting 
this low pH is exerting a significant energetic cost on these organisms. This hypothesis 
is further supported by the results from chapter 5, where mussels exposed to pH 6.50 
were shown to switch from aerobic to anaerobic metabolism, indicating a disturbance of 
energy homeostasis. Whilst entering a metabolically depressed state may conserve 
energy, ensuring extended survival time under extreme stress (Guppy and Withers, 
1999; Lannig et al., 2010), this strategy is unlikely to be sustainable in the long term. 
Prolonged exposure to pH 6.50 is therefore likely to impact a mussel’s physiological 
performance and ultimately reduce survival.  
 Exposure to pH 6.5 is thought unlikely to occur in natural systems with the level 
of acidification projected to occur by the end of the current century, or indeed by 2300 
(Caldeira and Wickett, 2003, 2005; IPCC, 2007). Importantly however, both the 0.5 unit 
decrease in seawater pH projected to occur by 2100 (Caldeira and Wickett, 2005) and 
the 0.7 unit decrease projected to occur by 2300 (IPCC, 2007) are largely derived from 
global models of surface seawater pH. These models have little resolution for regional 
variability and the complex influence of estuarine and upwelling systems (Feely et al., 
Chapter 6                                                                                                                           General Discussion 
- 186 - 
 
2010). With seawater pH already shown to fall below projected worst case OA 
scenarios in upwelling and estuarine ecosystems (Attrill et al., 1999; Feely et al., 2008; 
Thomsen et al., 2010), it is possible that mussels may in fact experience a reduced 
seawater pH of 6.50 due to OA. Furthermore, in many benthic (sessile) marine 
organisms the exchange of respiratory gases across the gills and/or general body surface 
results in the formation of a diffusive boundary layer, often resulting in a reduced 
seawater pH layer of up to 1 mm thick immediately surrounding the organism (Kühl et 
al., 1995). This can mean that the pH actually experienced by an organism may again 
differ greatly from that of the bulk water phase (Sand-Jensen et al., 1985). With recent 
research showing that OA exacerbates this boundary layer pH gradient (Flynn et al., 
2012), it is again quite possible that benthic organisms may experience seawater pH 
levels far lower than models have predicted. In addition, extremely low levels of pH are 
projected to occur in conjunction with the possible leakage of CO2 from a sub-seabed, 
geological storage reservoir (Blackford et al., 2009), which as reported here is likely to 
have a significant impact on the persistence of mussels in an impacted environment. 
The results obtained from this thesis at pH 6.50 are therefore pertinent to assessing the 
vulnerability of mussels under a variety of natural and anthropogenically induced 
scenarios of seawater acidification. 
 
6.2.2 The response of host defence, reproduction and the mussel metabolome to 
increased seawater temperature 
 
Unlike reduced seawater pH, in the present study increased seawater temperature was 
shown to have a significant impact on mussel host defence and reproductive 
provisioning at a level projected to occur in the next 100 years. Mussels maintained at 
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17.0 °C significantly increased the antibacterial activity of their cell-free haemolymph 
(Chapter 3), supporting previous research on the impact of temperature on the bivalve 
immune response (e.g. Chen et al., 2007a; Matozzo et al., 2012; Monari et al., 2007). 
This increase in immune system maintenance may represent an increase in the activity 
of hydrolytic enzymes at warmer temperatures, with mussels potentially experiencing 
an increase in immunocompetence due to increasing seawater temperature. Any 
increase in immune defence may prove to be a crucial factor in the survival of mussel 
populations under anthropogenic climate change conditions, with increased seawater 
temperatures also linked to an increase in the spread of pathogens (Elston et al., 2008; 
Martin et al., 2010) and to an increase in the occurrence of mass mortality events in 
bivalve populations (Li et al., 2009a). 
 In contrast to the response measured with host defence, an increase of 4.5 °C in 
seawater temperature was shown to significantly reduce the reproductive investment in 
mussels (Chapter 4). Individuals maintained at 17.0 °C reduced the proportion of the 
mantle attributed to gametes compared to the control. Any reduction in gamete 
production could have major a consequence for the persistence of mussels within an 
environment, with compromised larval production in turn jeopardising adult populations 
and marine communities (Byrne, 2011). Furthermore, when considered alongside 
previous research that showed larval bivalves to be particularly sensitive to 
anthropogenic climate change (e.g. Bechmann et al., 2011; Gaylord et al., 2011; Gazeau 
et al., 2010), any reduction in gamete investment in adults may compound the 
sensitivity of these calcified marine organisms during their early life cycle stages.  
 Although previous research demonstrated that mussels can reduce the energy 
allocated to reproduction under stressful environmental conditions (Petes et al., 2008), 
this present study is the first to demonstrate that males and females alter the investment 
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in reproduction differentially (Chapter 4). By reducing the investment in immune 
defence whilst maintaining reproductive investment, males may ensure that they are still 
able to successfully reproduce under stressful environmental conditions. Conversely, by 
significantly reducing the energetic investment in reproduction when exposed to stress, 
females may ensure maintained homeostasis and thus future fecundity.  
 In addition to gamete investment, gender also affected the fatty acid composition 
of mantle tissue and the impact of temperature on the fatty acid content (Chapter 4). 
Females had a greater fatty acid content, a greater proportion of SFAs and a greater 
proportion of MUFAs, compared to males. However, increased temperature was shown 
to increase the fatty acid content of mantle tissue in males, a response that was not 
found in females. Again this is the first study to have demonstrated a difference in the 
fatty acid composition of males and females exposed to increased temperature. With 
males and females responding differently to temperature, possibly as a result of 
different reproductive strategies under stressful environmental conditions, 
anthropogenic climate change could have significant consequences on the population 
dynamics of this species. 
 Perhaps the most unexpected result was that at 17.0 °C mussels appeared to have 
exceeded their aerobic threshold (Chapter 5), despite this temperature falling within the 
temperature range naturally experienced by this species. Furthermore, this response 
again appeared to be enhanced in females, with an increased level of alanine and 
succinate in females contributing to the difference between the male and female 
metabolome. In indicating a transition to anaerobic metabolism and a reduced 
reproductive investment at 17.0 °C, it is likely that seawater temperature, rather than a 
moderate reduction in seawater pH, will largely determine the impact of anthropogenic 
climate change on mussels over the next 100 years. This sensitivity to increased 
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temperature has already been shown to lead to a marked shift towards higher latitudes in 
wild mussel populations (Jones et al., 2009), as well as to a dramatic decline in the 
diversity of mussel bed communities over the past 50 years (Smith et al., 2006). 
Furthermore, in showing females to be particularly vulnerable to increased temperature, 
it is possible that rising seawater temperatures could lead to a significant shift in the 
dynamics of these populations. 
 Whilst increased temperature is proposed to lead to a general poleward shift in 
many organisms, recent research on mussel has shown this response, and the sensitivity 
of populations to increasing temperature, also varies both on a global and regional scale. 
Sorte et al. (2011) noted that populations of M. edulis in the Western Atlantic were 
more susceptible to increasing temperatures, compared to their Eastern Atlantic and 
Pacific counter-parts, indicated by a recent range contraction. Similarly Hilbish et al. 
(2012) noted a difference in the sensitivity of mussel populations to increasing 
temperature, as indicated by the Mytilus hybrid zone dynamics in the North West 
Atlantic. Whilst the hybrid zone in the English Channel was shown to shift 
approximately 100 km eastwards with continued warming over the past two decades, 
two similar hybrid zones along the Atlantic coast of France were not shown to change in 
position or shape over the same period. A temperature-induced shift in mussel 
speciation could affect the perceived susceptibility of mussel populations to additional 
environmental stressors if, as possibly indicated in this study, M. edulis is more tolerant 
to reduced seawater pH than M. galloprovincialis, or the hybrid of these two species. 
Alternatively, it is possible that the difference in susceptibility to anthropogenic climate 
change between these two species may reduce the distribution and spread of hybrid 
zones. As proposed by Bierne et al. (2003), habitat preference has a significant impact 
on the marine-speciation paradox, and whilst the hybrid zones of species such as M. 
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edulis and M. galloprovincialis could potentially spread over thousands of kilometres, 
in reality these hybrid zones are often characterised by a small-scale mosaic distribution 
influenced by the ecological barriers enforced by changing regional environmental 
conditions. Increasing temperatures could, therefore, potentially lead to an increase in 
the available habitat range of the more thermo-tolerant M. galloprovincialis, yet equally 
this could be counteracted by reducing seawater pH, and the possible enhanced 
vulnerability of M. galloprovincialis to moderate OA.    
 
6.2.3 Impact of a bacterial challenge on Mytilus edulis exposed to anthropogenic 
climate change 
 
Exposure to anthropogenic climate change is shown to have a significant impact on 
immune system maintenance in M. edulis (Sect. 6.2.2 and 6.2.3). Furthermore, the stress 
induced by altered environmental conditions also resulted in a reduction in the energy 
allocated to other important life-history traits, as well as to a shift in metabolism. 
However, whilst measuring an altered immune response could indicate immune 
dysfunction, as has been proposed previously (Bibby et al., 2008; Matozzo et al., 2012), 
the function of the immune system is to protect an organism from infection (Ellis et al., 
2011) and arguably is best investigated in the presence of a pathogen (Viney et al., 
2005). Following an inoculation with the pathogenic bacterium, Vibrio tubiashii, the 
present study noted that a pathogen exposure led to an increase in the mussel immune 
response. Furthermore, a bacterial exposure was also shown to lead to an increase in 
aerobic metabolism, as well as a reduction in the fatty acid content of mantle tissue and 
a reduction in the energetic investment in reproduction.  
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 This is the first study to date to have investigated the trade-off between immune 
defence, reproduction and metabolism in organisms exposed to anthropogenic climate 
change. It is also the only study to date to have measured this response in the presence 
of a pathogen. Whilst exposure to V. tubiashii was shown to increase host defence in 
mussels, this was only noted in individuals maintained at pH 6.50. The immune system 
of mussels maintained at all other pH levels remained unaffected by this immune 
system challenge. Interestingly, when considered alongside the response of individuals 
sampled prior to a pathogenic challenge (as discussed in Sect. 6.2.2), it would appear 
that mussels exposed to pH 6.50 reduced the energy allocated to host defence. Crucially 
however, it appears mussels maintained the ability to increase host defence when 
required, in this instance when exposed to V. tubiahsii. Therefore, the initial reduction 
in the antibacterial activity of cell-free haemolymph measured in the absence of a 
pathogen likely indicates a physiological trade-off in the energy allocated to immune 
system maintenance, rather than a reduction in immune system functionality as 
previously suggested (Bibby et al., 2008; Matozzo et al., 2012). Consequently, without 
the context provided by a subsequent pathogen exposure, the complex response noted in 
the immune system of M. edulis exposed to reduced seawater pH and increased 
temperature could have been misinterpreted, altering the perceived susceptibility of this 
species to environmental stress. 
 In maintaining immune system plasticity, it appears that mussels in the current 
study were able to reduce the energy required to maintain host defence whilst not 
significantly reducing immunocompetence. However, a pathogenic challenge is known 
to be energetically expensive (Lochmiller and Deerenberg, 2000), with the resources 
required to mount an immune response being physiologically costly (Kelly, 2011). The 
cost of condition dependant life-history traits, such as reproduction and host defence, 
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must therefore trade-off against each other (Sheldon and Verhulst, 1996). In showing 
that mussels in the current study reduced their energetic investment in reproduction, as 
well as showing they have reduced fatty acid content in their mantle tissue, it appears 
immune-challenged mussels reallocate resources from energy storage and reproduction 
in order to overcome a bacterial exposure. Furthermore, as measured using 1H NMR 
metabolomics, exposure to V. tubiashii was also shown to lead to an increased ATP 
demand, indicated by an increase in aerobic metabolism following a pathogen 
inoculation. 
 This is the first study to have demonstrated a physiological trade-off in mussels 
exposed to anthropogenic climate change and a pathogenic bacterium. However, in 
demonstrating a physiological trade-off in mussels exposed to reduced seawater pH, this 
thesis supports the research of Thomsen and Melzner (2010). These authors proposed 
the reduced shell growth measured under acidified conditions in M. edulis  to be as a 
result of the increased cellular energy demand, and thus a reallocation of energetic 
resources under stressful environmental conditions. Furthermore, this response has since 
been shown to be closely linked to an organism’s energy budget, with energy being re-
allocated from shell conservation to more vital processes, such as somatic mass 
maintenance, under food limited conditions (Melzner et al., 2011). Seibel et al. (2012) 
also demonstrated food limited energetic plasticity in another mollusc, the pteropod 
Limacina helicina forma antarctica, with CO2-induced metabolic depression being 
altered by changes in the abundance and composition of the phytoplankton community. 
These authors consequently argue that conflicting results on the ecological 
consequences of OA may reflect the true complexity of physiological responses, and 
physiological trade-offs, in marine organisms in response to a multi-faceted changing 
climate. 
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 From the research carried out in the present study, it is clear that mussels exert 
significant biological control over the allocation of resources to competing 
physiological processes. Such plasticity, and the ability to modulate biological 
processes, could ensure M. edulis is able to survive in a future ocean. Nonetheless, the 
sustainability of this response will ultimately depend on organism condition and the 
availability of energetic resources (Wood et al., 2008, 2010). Therefore, understanding 
the capacity of different species to respond effectively to climate change thus requires 
investigation at the whole organism level, rather than the process level (Wood et al., 
2008). This will ensure that the direct impacts of environmental stress on physiological 
functioning are considered alongside the indirect impacts on resource allocation and 
physiological trade-offs. Only when these responses are understood will we be able to 
accurately predict the likely impact of anthropogenic climate change on marine 
organisms.  
    
6.2.4 The impact of reduced seawater pH, increased temperature and a bacterial 
exposure on mussel survival 
  
Whilst measuring host defence or metabolism offers an understanding of how individual 
mussels may respond to a changing climate, ultimately to understand the impact of 
environmental stress at a population level it is important to measure mortality. In this 
thesis (Chapter 3) mortality was shown to increase when mussels were exposed to 
reduced seawater pH. It is therefore possible that OA could have a significant impact on 
mussel populations in a future ocean. Additionally, the magnitude of this mortality was 
shown to be temperature dependant. At 12.5 °C mussel mortality was only above 10% 
in mussels maintained at pH 6.50, yet at 17.0 °C mortality was greater than 10 % in 
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mussels maintained at pH 7.60, 7.35 and 6.50. In showing mussel mortality to be 
unaffected by moderate seawater acidification at 12.5 °C, this present study supports 
previous research where mussels were shown to be resilient to changes in seawater 
acidification (Beesley et al., 2008; Ries et al., 2009; Thomsen et al., 2010). Conversely, 
in showing mussel mortality to be drastically reduced when exposed to pH 6.50, this 
study highlights the potential negative impact of a carbon capture storage leak on 
mussel populations (Blackford et al., 2009). 
 Whilst previous research has shown mussels to be resilient to moderate changes 
in seawater pH, much of this literature has focused on single stressor ‘OA’ studies (e.g. 
Beesley et al., 2008; Gazeau et al., 2007; Thomsen and Melzner, 2010). In highlighting 
the possible implication of a combined increase in temperature and reduction in pH, this 
thesis further indicates the importance of multi-stressor studies. This is the only study to 
date to have investigated the combined impact of increased temperature and reduced 
seawater pH on mussel physiology, yet supports previous research where the sensitivity 
of marine invertebrates to OA is enhanced by a combined exposure to increased 
temperature (e.g. Findlay et al., 2010; Wood et al., 2010). In showing mussel mortality 
to increase when exposed to both increased temperature and reduced seawater pH, this 
present work demonstrates the important role environmental temperature will play in 
determining the sensitivity of this bivalve species to anthropogenic climate change over 
the next 100 - 300 years.  
 Increased mortality will ultimately reduce the persistence of mussel populations. 
However, it is critical to also consider what impact this will have on the perceived 
sensitivity of mussels to environmental stress. In the current study exposure to pH 6.50 
seawater was shown to increase mussel mortality to 66.7 %. Consequently, all 
subsequent physiological measurements made in mussels exposed to pH 6.50 were 
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taken from the surviving 33.3 % of the population. This ‘survivor response’ could lead 
to a significant skew in the data, with the organisms that are able to survive representing 
the most resilient proportion of the population. When considered in the absence of any 
mortality data, this survivor response could thus significantly impact the perceived 
susceptibility of organisms to anthropogenic climate change. Alternatively, it is also 
possible that this surviving 33.3 % may represent the proportion of the population that 
genetically are naturally resilient to reduced seawater pH. Recent research has 
demonstrated such a genetic basis for the individual variation in response to OA 
(Pistevos et al., 2011; Sunday et al., 2011), and the extent to which this individual 
genetic variation is heritable within a population represents the potential of that 
population to evolve due to natural selection (Dupont et al., 2010b; Pistevos et al., 2011; 
Sunday et al., 2011; Widdicombe and Spicer, 2008). Therefore, whilst this survivor 
response could impede our ability to accurately assess the fate of mussels in a future 
ocean, it may also offer a vital mechanism with which to investigate the ability of 
mussel populations to adapt to changing conditions and to survive in the face of 
otherwise overwhelming stress. 
  
6.3. TOWARDS AN IMPROVED UNDERSTANDING - KEY DIRECTIONS 
FOR FUTURE RESEACH 
 
The work reported in this thesis has provided important data on the impact of 
environmental stress on invertebrate immune response. Furthermore, it provides a new 
insight into the impact of anthropogenic climate change on Mytilus edulis physiology. 
However, by considering the results of this study in light of previous research, this 
thesis has also highlighted a number of key areas in which a concerted research effort is 
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required to improve our understanding. This section will outline these research areas, 
highlighting where a focused effort will help to provide an accurate prediction of the 
ecological implications of a changing marine climate. 
 Many of the experiments that have investigated the impact of environmental 
stress on the invertebrate immune response have, to date, been carried out in the 
absence of a pathogenic challenge, investigating the immunological response of the 
separate immune system parameters rather than investigating host-pathogen interactions 
functionally (Ellis et al., 2011). However, as outlined in this study, it is possible such an 
approach could lead to an inaccurate interpretation of the impact environmental stress 
has on organism disease resistance. Moreover, it is clear from this thesis that to fully 
understand the impact of anthropogenic climate change future studies need to account 
for physiological trade-offs. In coming to such a conclusion, this thesis adds to a 
growing body of literature that has emerged in recent years (e.g. Melzner et al., 2011; 
Wood et al., 2008, 2010), showing organisms reallocate resources between important 
physiological processes, or different life-history traits, in order to maximise fitness. 
Whilst driven ultimately by organism condition and food availability, it is clear from the 
current study organisms also maintain a level of control over this energetic plasticity. 
Therefore, to fully understand the impact of environmental stress on organism 
physiology future studies should investigate processes functionally, accounting for the 
possibility that a reduction in function could be as a result of an energetic trade-off.  
 When accounting for physiological trade-offs, the extent to which an organism 
must trade-off its resources between different physiological processes, or life-history 
traits, is dependent upon an organism’s condition (Kelly, 2011), as well as the resources 
that are available within its environment, such as food (Melzner et al., 2011). 
Furthermore, resource allocation will be dependent upon season, with gametogenesis 
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and spawning being two processes that will place a significant energetic burden on an 
organism’s available resource pool (Lowe et al., 1982). Therefore, there is a need within 
ecological immunology, as well as within the field of OA research in general, to 
measure and account for the impact of seasonal cycles. Fully understanding the 
implications of variable food availability within a natural ecosystem, as well as the 
impact this has on an organism’s resource sequestration, will help further explain 
sources of variability within current literature that to date have impeded our ability to 
predict species level responses. 
 As noted throughout this thesis, the mussels used in the current study were 
seemingly tolerant of a moderate reduction in seawater pH. This would appear to 
contradict previous research on this species (e.g. Bibby et al., 2008; Matozzo et al., 
2012), impacting our ability to accurately predict the impact of OA on marine mussels. 
However, whilst this thesis has not been able to definitively explain the cause of this 
variation, a number of hypotheses have been proposed that require further investigation. 
Firstly, it is possible that the contrasting results noted from studies on M. edulis to date 
are due to local adaptation to environmental conditions. However, despite the 
understanding that seawater pH varies significantly both on a temporal and spatial scale 
(Attrill et al., 1999; Feely et al., 2010), to date no study has attempted to incorporate 
this pH variability when investigating the sensitivity of marine organisms. What’s more, 
virtually all perturbation experiments to date have used the present day average surface 
seawater pH (nominally pH 8.05) as a control, using the mean values of projected 
change in seawater pH globally to represent impacted ecosystems (i.e. the IPCC 
projected reductions of 0.3 and 0.5 units by 2100 and 2300 respectively). It has been 
demonstrated that extreme events are likely to be far more important than average 
conditions, especially in the intertidal (e.g. Denny et al., 2006). Furthermore, OA is 
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likely to be superimposed upon this naturally variable pH profile noted in many marine 
habitats (Feely et al., 2010). Therefore, to fully understand the potential impact of 
reduced seawater pH on marine organisms, studies should ideally incorporate a measure 
of this natural variability. This will enable an understanding of the conditions marine 
organisms are actually likely to experience in their natural habitat, rather than 
investigating a global average change, which in reality very few benthic organisms will 
experience. Only then will we truly begin to understand the ability of marine organisms 
to acclimate and adapt to the climate conditions they will encounter in a future ocean.  
 Whilst local adaptation is indeed one possible explanation for the contrasting 
results achieved to date, it is important to investigate to what extent this adaptation is 
through phenotypic or genotypic variation. Many studies to date have, through 
necessity, investigated the response of marine organisms at a particular life-history 
stage, with very few studies having investigated the response of organisms across 
generational boundaries (Parker et al., 2012). Single generation studies inevitably 
incorporate a measure of intraspecific variation in response traits, often reported as a 
standard deviation or error of a mean, with this variation treated as ‘noise’ (Sunday et 
al., 2011). Yet it is this variation that could indeed hold the key to understanding the 
extent to which an organism may be able to evolve to a changing climate over a time-
scale of multiple generations (Spicer and Gaston, 1999). If this noise is indeed attributed 
to genetic variation within a population, rendering a proportion of a population as more 
resilient to environmental change, then the heritability of this genotypic variation will 
determine the adaptability of a population through natural selection (Pistevos et al., 
2011; Sunday et al., 2011). It is this lack of understanding, concerning the extent to 
which a species will be able to adapt or evolve in response to changing environmental 
conditions, which is one of the major limitations in our ability to accurately predict 
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species level responses. Future studies should therefore aim to investigate the response 
of different organisms to environmental stress, measuring the response across two or 
three generations. By elucidating the extent to which positive carry-over effects afford 
larvae genetically enhanced resistance will help explicate the true potential of a species 
to adapt and evolve in response to anthropogenically induced climate change. 
 It is becoming increasingly apparent, particularly with respect to studies 
investigating the metabolomic, proteomic or genomic response of an organism to 
environmental stress, phenotypic anchoring is key (Hines et al., 2007a). That is, 
knowing the true species, gender and reproductive status of the organism concerned. 
Whilst phenotypic anchoring is increasingly commonplace in these ‘omics’ based 
approaches, within other scientific disciplines this is not the case. However, in 
demonstrating that gender has a significant effect on the response of the blue mussel to 
anthropogenic climate change, particularly with respect to energy metabolism, this 
study highlights that the gender ratio of a sample population could significantly affect 
the result of a study. Additionally, as is particularly the case with the Mytilus genus in 
the north-west Atlantic (Hilbish et al., 2002; Riginos and Cunningham, 2005), 
speciation could significantly affect the response of an organism to environmental 
stress. Additionally, with reproductive processes shown to significantly affect an 
organism’s resource allocation and condition (Lowe et al. 1982, Kelly 2011), as well as 
any subsequent physiological trade-offs (e.g. Petes et al. 2008), understanding the 
reproductive condition of a sample population is critical. Therefore, future studies 
should at least attempt to define the species composition, gender ratio and reproductive 
status of a sample population, offering a further insight that will help explain any 
variable results that will inevitably arise with continued species level investigation.  
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6.4. CONCLUSIONS 
 
• Mytilus edulis appears to be resilient to moderate seawater acidification, at a level 
predicted to occur over the next 100 - 300 years; conversely exposure to pH 6.50 
significantly increases mussel mortality, as well as additionally leading to a 
physiological trade-off, and a shift in energy metabolism, in surviving organisms. 
• Host defence, like reproduction and energy metabolism, should be considered 
functionally, and in the context of the whole organism. Mussels are able to reduce 
the energy invested in host defence under stressful environmental conditions. 
However, these organisms maintain control over this plasticity, increasing immune 
response when required. Nonetheless, such plasticity is costly. To understand the 
implications of such costs it is crucial to measure the impact of a change in resource 
allocation for other physiological processes, or important life-history traits.   
• Increased seawater temperature, projected to occur by 2100, has a significant 
impact on mussel physiology and energy metabolism. Furthermore, temperature 
acts antagonistically, increasing the sensitivity of mussels to reduced seawater pH 
by increasing mortality.  
• Phenotypic anchoring is key to interpreting species level molecular ‘omics’ 
responses, with gender impacting the response of mussels to environmental stress. 
  
 - 201 - 
 
REFERENCES 
Adamo, S.A., Jensen, M., Younger, M., 2001. Changes in lifetime immunocompetence 
in male and female Gryllus texensis (formerly G. integer): trade-offs between immunity 
and reproduction. Animal Behaviour 62, 417-425. 
Ahmed, A.M., Baggott, S.L., Maingon, R., Hurd, H., 2002. The costs of mounting an 
immune response are reflected in the reproductive fitness of the mosquito Anopheles 
gambiae. Oikos 97, 371-377. 
Alkanani, T., Parrish, C.C., Thompson, R.J., McKenzie, C.H., 2007. Role of fatty acids 
in cultured mussels, Mytilus edulis, grown in Notre Dame Bay, Newfoundland. Journal 
of Experimental Marine Biology and Ecology 348, 33-45. 
Anderson, M.J., 2006. Distance-based tests for homogeneity of multivariate dispersions. 
Biometrics 62, 245-253. 
Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOVA+ for PRIMER: 
Guide to software and statistical methods. PRIMER-E, Plymouth. 
Anderson, R.S., Brubacher, L.L., Ragon Calvo, L., Unger, M.A., Burreson, E.M., 1998. 
Effects of tributyltin and hypoxia on the progression of Perkinsus marinus infections 
and host defence mechanisms in oyster, Crassostrea virginica (Gmelin). Journal of Fish 
Diseases 21, 371-379. 
Andersson, A.J., Mackenzie, F.T., 2011. Ocean acidification: setting the record straight. 
Biogeosciences Discussions 8, 6161-6190. 
Andersson, M., 1994. Sexual selection. Princeton Unviersity Press, Princeton, N. J. 
Angilletta, M.J., 2009. Thermal Adaptation. A theoretical and empirical synthesis. 
Oxford University Press, New York. 
References 
- 202 - 
 
Ansell, A.D., 1974. Seasonal changes in biochemical composition of the bivalve 
Chlamys septemradiata from the Clyde Sea area. Marine Biology 25, 85-99. 
Anthony, K.R.N., Kline, D.I., Diaz-Pulido, G., Hoegh-Guldberg, O., 2008. Ocean 
acidification causes bleaching and productivity loss in coral reef builders. Proceedings 
of the National Academy of Science USA 105, 17442-17446. 
Arnold, K.E., Findlay, H.S., Spicer, J.I., Daniels, C.L., Boothroyd, D., 2009. Effect of 
CO2-related acidification on aspects of the larval development of the European lobster, 
Homarus gammarus (L.). Biogeosciences 6, 1747-1754. 
Attrill, M.J., Power, M., Thomas, R.M., 1999. Modelling estuarine Crustacea 
population fluctuations in response to physio-chemical trends. Marine Ecology Progress 
Series 178, 89-99. 
Auffret, M., Rousseau, S., Boutet, I., Tanguy, A., Baron, J., Moraga, D., Duchemin, M., 
2006. A multiparametric approach for monitoring immunotoxic responses in mussels 
from contaminated sites in Western Mediterranea. Ecotoxicology and Environmental 
Safety 63, 393-405. 
Bachére, E., 2003. Anti-infectious immune effectors in marine invertebrates: potential 
tools for disease control in larviculture. Aquaculture 227, 427–438. 
Bachére, E., Gueguen, Y., Gonzalez, M., de Lorgeril, J., Garnier, J., Romestand, B., 
2004. Insights into the anti-microbial defense of marine invertebrates: the penaeid 
shrimps and the oyster Crassostrea gigas. Immunological Reviews 198, 149–168. 
Bachère, E., Hervio, D., Mialhe, E., 1991. Luminol-dependent chemiluminescence by 
hemocytes of two marine bivalves, Ostrea edulis and Crassostrea gigas. Diseases of 
Aquatic Organisms 11, 173-180. 
References 
- 203 - 
 
Ballarin, L., Pampanin, D.M., Marin, G.M., 2003. Mechanical disturbance affects 
haemocyte functionality in the Venus clam Chamelea gallina. Comparative 
Biochemistry and Physiology Part A 136, 631-640. 
Bamber, R.N., 1990. The effects of acidic seawater on three species of lamellibranch 
mollusc. Journal of Experimental Marine Biology and Ecology 143, 181-191. 
Barnett, T.P., Pierce, D.W., AchutaRao, K.M., Gleckler, P.J., Santer, B.D., Gregory, 
J.M., Washington, W.M., 2005. Penetration of human-induced warming into the world's 
oceans. Science 309, 284-287. 
Bayne, B.L., 1976. Marine mussels: Their ecology and physiology. Cambridge 
University Press, Cambridge, UK. 
Bayne, B.L., Holland, D.L., Moore, M.N., Lowe, D.M., Widdowes, J., 1978. Further 
studies on the effects of stress on the eggs of Mytilus edulis. Journal of the Marine 
Biological Association of the United Kingdom 58, 825-841. 
Bechmann, R.K., Taban, I.C., Westerlund, S., Godal, B.F., Arnberg, M., Vingen, S., 
Ingvarsdottir, A., Baussant, T., 2011. Effects of ocean acidification on early life stages 
of shrimp (Pandalus borealis) and mussel (Mytilus edulis). Journal of Toxicology and 
Environmental Health, Part A 74, 424-438. 
Beck, G., Hanbicht, G.S., 1996. Immunity and the Invertebrates. Scientific American 
275, 42-51. 
Beckman, J.S., Koppenol, W.H., 1996. Nitric oxide, superoxide and peroxynitrite: the 
good, the bad and the ugly. American Journal of Physiology - Cell Physiology 271, 
C1424-C1437. 
Beesley, A., Lowe, D.M., Pascoe, C.K., Widdicombe, S., 2008. Effects of CO2-induced 
seawater acidification on the health of Mytilus edulis. Climate Research 37, 215-225. 
References 
- 204 - 
 
Beninger, P.G., Lucas, A., 1984. Seasonal variations in condition, reproductive activity 
and gross biochemical composition of two species of adult clam reared in a common 
habitat: Tapes decussatus L. (Jeffreys) and Tapes philippinarum (Adams & Reeve). 
Journal of Experimental Marine Biology and Ecology 79, 19-37. 
Bergé, J.-P., Barnathan, G., 2005. Fatty acids from lipids of marine organisms: 
molecular biodiversity, roles as biomarkers, biologically active compounds, and 
economical aspects. Advances in Biochemical Engineering/Biotechnology 96, 49-125. 
Berge, J.A., Bjerkeng, B., Pettersen, O., Schaanning, M.T., Øxnevad, S., 2006. Effects 
of increased sea water concentrations of CO2 on growth of the bivalve Mytilus edulis L. 
Chemosphere 62, 681-687. 
Beukema, J.J., De Bruin, W., 1979. Calorific values of the soft parts of the tellinid 
bivalve Marcoma balthica (L.) as determined by two methods. Journal of Experimental 
Marine Biology and Ecology 37, 19-30. 
Beutler, B., 2004. Innate immunity: an overview. Molecular Immunology 40, 845-859. 
Bibby, R., Cleall-Harding, P., Rundle, S.D., Widdicombe, S., Spicer, J., 2007. Ocean 
acidification disrupts induced defences in the intertidal gastropod Littorina littorea. 
Biology Letters 3. 
Bibby, R., Widdicombe, S., Parry, H., Spicer, J., Pipe, R., 2008. Effects of ocean 
acidification on the immune response of the blue mussel Mytilus edulis. Aquatic 
Biology 2, 67-74. 
Bierne, N., Bonhomme, F., David, P., 2003. Habitat prefernece and the marine-
speciation paradox. Proceedings of the Royal Society B 270, 1399-1406. 
Blackford, J.C., Gilbert, F.J., 2007. pH variability and CO2 induced acidification in the 
North Sea. Journal of Marine Systems 64, 229-241. 
References 
- 205 - 
 
Blackford, J.C., Jones, N., Proctor, R., Holt, J., Widdicombe, S., Lowe, D.M., Rees, A., 
2009. An initial assessment of the potential envrionmental impact of CO2 escape from 
marine carbon capture and storage systems. Proceedings of the Institution of 
Mechanical Engineers, Part A: Journal of Power and Energy 223, 269-280. 
Blackmore, D.T., 1969. Studies of Patella vulgata L. II. Seasonal variation in 
biochemical composition. Journal of Experimental Marine Biology and Ecology 3, 231-
245. 
Bligh, E.G., Dyer, W.J., 1959. A rapid method of total lipid extraction and purification. 
Canadian Journal of Biochemistry and Physiology 37, 911-917. 
Bonneaud, C., Mazuc, J., Gonzalez, G., Haussy, C., Chastel, O., Faivre, B., Sorci, G., 
2003. Assessing the cost of mounting an immune response. American Natralist 161, 
367-379. 
Borges, A.V., Gypens, N., 2010. Carbonate chemistry in the coastal zone responds more 
strongly to eutrophication than to ocean acidification. Limnology and Oceanography 55, 
346-353. 
Borges, A.V., Schiettecatte, L.-S., Abril, G., Delille, B., Gazeau, F., 2006. Carbon 
dioxide in European coastal waters. Estuarine, Coastal and Shelf Science 70, 375-387. 
Bosch, T.C.G., 2008. The path less explored: Innate immune reactions in Cnidarians, in: 
Heine, H. (Ed.), Innate immunity of plants, animals and humans. Springer, Berlin. 
Bosch, T.C.G., Augustin, R., Anton-Erxleben, F., Fraune, S., Hemmrich, G., Zill, H., 
Rosentiel, P., Jacobs, G., Schreiber, S., Leippe, M., Stanisak, M., Grötzinger, J., Jung, 
S., Podschun, R., Bartels, J., Harder, J., Schröder, J.-M., 2009. Uncovering the 
evolutionary history of innate immunity: The simple metazoan Hydra uses epithelial 
cells for host defence. Developmental and Comparative Immunology 33, 559-569. 
References 
- 206 - 
 
Bosch, T.C.G., David, C.N., 1984. Growth regulation in Hydra: relationship between 
epithelial cell cycle length and growth rate. Developmental Biology 104, 161-171. 
Bosch, T.C.G., David, C.N., 1986. Immunocompetence in Hydra: epithelial cells 
recognize self-nonself and react against it. Journal of Experimental Zoology 238, 225-
234. 
Bosonovic, F., Calosi, P., Spicer, J.I., 2011. Physiological correlates of geographic 
range in animals. Annual Review of Ecology, Evolution and Systematics 42, 155-179. 
Bouchard, N., Pelletier, E., Fournier, M., 1999. Effects of butyltin compounds on 
phagocytic activity of hemocytes from three marine bivalves. Environmental 
Toxicology and Chemistry 18, 519-522. 
Bouilly, K., Gagnaire, B., Bonnard, M., Thomas-Guyon, H., Renault, T., Miramand, P., 
Lapègue, S., 2006. Effects of cadmium on aneuploidy and hemocyte parameters in the 
Pacific oyster, Crassostrea gigas. Aquatic toxicology 78, 149-156. 
Boyd, J.N., Burnett, L.E., 1999. Reactive oxygen intermediate production by oyster 
hemocytes exposed to hypoxia. The Journal of Experimental Biology 202, 3135-3143. 
Braun, T., Woollard, A., 2009. Runx factors in development: lessons from invertebrate 
model systems. Blood cells, Molecules and Diseases 43, 43-48. 
Brazão, S., Morais, S., Boaventura, D., Ré, P., Narciso, L., Hawkins, S.J., 2003. Spatial 
and temporal variation of the fatty acid composition of Patella spp. (Gastropoda: 
Prosobranchia) soft bodies and gonads. Comparative Biochemistry and Physiology, Part 
B 136, 425-441. 
Brewer, P.G., 1978. Direct observation of the oceanic CO2 increase. Geophysical 
Research Letters 5, 997-1000. 
Briarty, L.G., 1975. Stereology: methods for quantitative light and electron microscopy. 
Science Progress 62, 1-32. 
References 
- 207 - 
 
Brousseau, P., Pellerin, J., Morin, Y., Cyr, D., Blakley, B., Boermans, H., Fournier, M., 
2000. Flow cytometry as a tool to monitor the disturbance of phagocytosis in the clam 
Mya arenaria hemocytes following in vitro exposure to heavy metals. Toxicology 142, 
145-156. 
Brown, M.R., Jeffrey, S.W., Volkman, J.K., Dunstan, G.A., 1997. Nutritional properties 
of macroalgae for mariculture. Aquaculture 151, 315-331. 
Bulet, P., Hetru, C., Dimarcq, J.-L., Hoffmann, D., 1999. Antimicrobial peptides in 
insects; structure and function. Developmental and Comparative Immunology 23, 329-
344. 
Bundy, J., Sidhu, J., Rana, F., Spurgeon, D., Svendsen, C., Wren, J., Sturzenbaum, S., 
Morgan, A.J., Kille, P., 2008. 'Systems toxicology' approach identifies coordinated 
metabolic responses to copper in a terrestrial non-model invertebrate, the earthworm 
Lumbricus rubellus. BMC Biology 6, 25. 
Bundy, J.G., Davey, M.P., Viant, M.R., 2009. Environmental metabolomics: a critical 
review and future perspectives. Metabolomics 5, 3-21. 
Bundy, J.G., Lenz, E.M., Bailey, N.J., Gavaghan, C.L., Svendsen, C., Spurgeon, D., 
Hankard, P.K., Osborn, D., Weeks, J.M., Trauger, S.A., Speir, P., Sanders, I., Lindon, 
J.C., Nicholson, J.K., Tang, H., 2002. Metabonomic assessment of toxicity of 4-
fluoroaniline, 3,5-difluoroaniline and 2-fluoro-4-methylaniline to the earthworm Eisenia 
veneta (rosa): Identification of new endogenous biomarkers. Environmental Toxicology 
and Chemistry 21, 1966-1972. 
Butt, D., Shaddick, K., Raftos, D.A., 2006. The effect of low salinity on phenoloxidase 
activity in the Sydney rock oyster, Saccostrea glomerata. Aquaculture 251, 159-166. 
References 
- 208 - 
 
Byrne, M., 2011. Impact of ocean warming and ocean acidification on marine 
invertebrate life history stages: vulnerabilities and potential for persistance in a 
changing ocean. Oceanography and Marine Biology: An Annual Review 49, 1-42. 
Byrne, M., Ho, M., Selvakumaraswamy, P., Nguyen, H.D., Dworjanyn, S.A., Davis, 
A.R., 2009. Temperature, but not pH, compromises sea urchin fertilization and early 
development under near-future climate change scenarios. Proceedings of the Royal 
Society of London B 276, 1883-1888. 
Caers, M., Coutteau, P., Cure, K., Morales, V., Gajardo, G., Sorgeloos, P., 1999. The 
Chilean scallop Argopecten purpuratus (Lamarck, 1819): I. fatty acid composition and 
lipid content of six organs. Comparative Biochemistry and Physiology, Part B 123, 89-
96. 
Caldeira, K., Wickett, M.E., 2003. Anthropogenic carbon and ocean pH. Nature 425, 
365. 
Caldeira, K., Wickett, M.E., 2005. Ocean model predictions of chemistry changes from 
carbon dioxide emissions to the atmosphere and ocean. Journal of Geophysical 
Research 110, C09S04, doi:10.1029/2004JC002671. 
Canadell, J.G., Le Quéré, C., Raupach, M.R., Field, C.B., Buitenhuis, E.T., Ciais, P., 
Conway, T.J., Gillett, N.P., Houghton, R.A., Marland, G., 2007. Contributions to 
accelerating atmospheric CO2 growth from economic activity, carbon intensity, and 
efficiency of natural sinks. Proceedings of the National Academy of Science USA 104, 
18866-18870. 
Carballal, M.J., Lopez, C., Azevedo, C., Villalba, A., 1997. Enzymes involved in 
defence functions of hemocytes of mussel Mytilus galloprovincialis. Journal of 
Invertebrate Pathology 70, 96-105. 
References 
- 209 - 
 
Cellura, C., Toubiana, M., Parrinello, N., Roch, P., 2006. HSP70 gene expression in 
Mytilus galloprovincialis hemocytes is triggered by moderate heat shock and Vibrio 
anguillarum, but not by V. splendidus or Micrococcus lysodeikticus. Developmental and 
Comparative Immunology 30, 984-997. 
Cellura, C., Toubiana, M., Parrinello, N., Roch, P., 2007. Specific expression of 
antimicrobial peptide and HSP70 genes to heat-shock and several bacterial challenges in 
mussels. Fish & Shellfish Immunology 22, 340-350. 
Cerenius, L., Lee, B.L., Söderhäll, K., 2008. The proPO-system: pros and cons for its 
role in invertebrate immunity. TRENDS in Immunology 29, 263-271. 
Chen, M., Yang, H., Delaporte, M., Zhao, S., 2007a. Immune condition of Chlamys 
farreri in response to acute temperature challenge. Aquaculture 271, 479-487. 
Chen, M.U., Yang, H.S., Delaporte, M., Zhao, S.J., Xing, K., 2007b. Immune responses 
of the scallop Chlamys farreri after air exposure to different temperatures. Journal of 
Experimental Marine Biology and Ecology 345, 52–60. 
Cheng, W., Hsiao, I.S., Chen, J.C., 2004a. Effect of ammonia on the immune response 
of Taiwan abalone Haliotis diversicolor supertexta and its susceptibility to Vibrio 
parahaemolyticus. Fish & Shellfish Immunology 17, 193-202. 
Cheng, W., Hsiao, I.S., Chen, J.C., 2004b. Effect of nitrite on immune response of 
Taiwan abalone Haliotis diversicolor supertexta and its susceptibility to Vibrio 
parahaemolyticus. Diseases of Aquatic Organisms 60, 157-164. 
Cheng, W., Hsiao, I.S., Hsu, C.H., Chen, J.C., 2004c. Change in water temperature on 
the immune response of Taiwan abalone Haliotis diversicolor supertexta and its 
susceptibility to Vibrio parahaemolyticus. Fish & Shellfish Immunology 17, 235-243. 
References 
- 210 - 
 
Cheng, W., Juang, F.M., Chen, J.C., 2004d. The immune response of Taiwan abalone 
Haliotis diversicolor supertexta and its susceptibility to Vibrio parahaemolyticus at 
different salinity levels. Fish & Shellfish Immunology 16, 295-306. 
Cheng, W., Li, C.H., Chen, J.C., 2004e. Effect of dissolved oxygen on the immune 
response of Haliotis diversicolor supretexta and its susceptibility to Vibrio 
parahaemolyticus. Aquaculture 232, 103-115. 
Chrisholm, J.R.S., Smith, V.J., 1994. Variation of antibacterial activity in the 
haemocytes of the shore crab, Carcinus maenas, with temperature. Journal of the 
Marine Biological Association of the United Kingdom 74, 979-982. 
Ciacci, C., Citterio, B., Betti, M., Canonico, B., Roch, P., Canesi, L., 2009. Functional 
differential immune responses of Mytilus galloprovincialis to bacterial challenge. 
Comparative Biochemistry and Physiology, Part B 153, 365-371. 
Clark, R., Jeffry, C., Woody, K., Hillis-Starr, Z., Monaco, M., 2009. Spatial and 
temporal patterns of coral bleaching around Buck Island Reef national monument, St. 
Croix, U.S. Virgin Islands. Bulletin of Marine Science 84, 167-182. 
Clarke, K.R., Gorley, R.N., 2006. PRIMER v6: User manual/Tutorial. PRIMER-E, 
Plymouth. 
Clarke, K.R., Warwick, R.M., 2001. Change in marine communities: an approach to 
statistical analysis and interpretation, 2nd edition. PRIMER-E Ltd, Plymouth. 
Colasanti, M., Persichini, T., Venturini, G., 2010. Nitric oxide pathway in lower 
metazoans. Nitric Oxide 23, 94-100. 
Coles, J.A., Farley, S.R., Pipe, R.K., 1994a. Alteration of the immune response of the 
common marine mussel Mytilus edulis resulting from exposure to cadmium. Diseases of 
Aquatic Organisms 22, 59-65. 
References 
- 211 - 
 
Coles, J.A., Farley, S.R., Pipe, R.K., 1994b. The effects of fluoranthene on the 
immunocompetence of the common marine mussel Mytilus edulis. Aquatic toxicology 
30, 367-379. 
Coles, J.A., Pipe, R.K., 1994. Phenoloxidase activity in the haemolymph and 
haemocytes of the marine mussel Mytilus edulis. Fish & Shellfish Immunology 4, 337-
352. 
Connell, S.D., Russell, B.D., 2009. The direct effects of increasing CO2 and temperature 
on non-calcifying organisms: increasing the potential for phase shifts in kelp forests. 
proceedings of the Royal Society of London B 277, 1409-1415. 
Cooley, S.R., Doney, S.C., 2009. Anticipating ocean acidification's economic 
consequences for commercial fisheries. Environmental Research Letters 4, 024007. 
Cornet, S., Biard, C., Moret, Y., 2009. Variation in immune defence among populations 
of Gammarus pulex (Crstacea: amphipoda). Oecologia 159, 257-269. 
Costa, A.M., Bglione, C.C., Bezerra, F.L., Martins, P.C.C., Barracco, M.A., 2009a. 
Immune assessment of farm-reared Penaeus vannamei shrimp naturally infected by 
IMNV in NE Brazil. Aquaculture 291, 141-146. 
Costa, M.M., Dios, S., Alonso-Gutierrez, J., Romero, A., Novoa, B., Figueras, A., 
2009b. Evidence of high individual diversity on myticin C in mussel (Mytilus 
galloprovincialis). Developmental and Comparative Immunology 33, 162-170. 
Costa, M.M., Novoa, B., Figueras, A., 2008. Influence of β-glucans on the immune 
responses of carpet shell clam (Ruditapes decussatus) and Mediteranean mussel 
(Mytilus galloprovincialis) Fish & Shellfish Immunology 24, 498-505. 
Costa, M.M., Prado-Alvarez, M., Gestal, C., Li, H., Roch, P., Novoa, B., Figueras, A., 
2009c. Functional and molecular immune response of Mediterranean mussel (Mytilus 
References 
- 212 - 
 
galloprovincialis) haemocytes against pathogen-associated molecular patterns and 
bacteria. Fish & Shellfish Immunology 26, 515-523. 
Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., 
Naeem, S., O'Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M., 1997. 
The vale of the world's ecosystem services and natural capital. Nature 387, 253-260. 
Coteur, G., Corriere, N., Dubois, P., 2004. Environmental factors influencing the 
immune responses of the common European starfish (Asterias rubens). Fish & Shellfish 
Immunology 16, 51 - 63. 
Coteur, G., Danis, B., Wantier, P., Pernet, P., Dubois, P., 2005a. Increased phagocytic 
activity in contaminated seastars (Asterias rubens) collected in the Sothern Bight of the 
North Sea. Marine Pollution Bulletin 50, 1295-1302. 
Coteur, G., Gillan, D., Joly, G., Pernet, P., Dubois, P., 2003. Field contamination of the 
starfish Asterias rubens by metals. Part 2: Effects on cellular immunity. Environmental 
Toxicology and Chemistry 22, 2145-2151. 
Coteur, G., Gillan, P., Pernet, P., Dubois, P., 2005b. Alteration of cellular immune 
responses in the seastar Asterias rubens following dietary exposure to cadmium. 
Aquatic toxicology 73, 418-421. 
Coteur, G., Warnau, M., Jangoux, M., Dubois, P., 2002. Reactive oxygen species (ROS) 
production by amoebocytes of Asterias rubens (Echinodermata). Fish & Shellfish 
Immunology 12, 187-200. 
Couch, C.S., Mydlarz, L.D., Harvell, C.D., Douglas, N.L., 2008. Variation in measures 
of immunocompetence of sea fan coral, Gorgonia ventalina, in the Florida Keys. 
Marine Biology 155, 281-292. 
Culling, C.F.A., 1963. Handbook of histopathological techniqes. Butterworths, London. 
References 
- 213 - 
 
de Faria, M.T., da Silva, J.R.M.C., 2008. Innate immune response in the sea urchin 
Echinometra luncunter (Echinodermata). Journal of Invertebrate Pathology 98, 58-62. 
de la Vega, E., Degnan, B.M., Hall, M.R., Wilson, K.J., 2007a. Differential expression 
of immune-related genes and transposable elements in black tiger shrimp (Panaeus 
monodon) exposed to a range of environmental stressors. Fish & Shellfish Immunology 
23, 1072-1088. 
de la Vega, E., Hall, M.R., Wilson, K.J., Reverter, A., Woods, R.G., Degnan, B.M., 
2007b. Stress-induced gene expression profiling in the black tiger shrimp Penaeus 
monodon. Physiological Genomics 31, 126-138. 
De Zoysa, M., Whang, I., Lee, Y., Lee, S., Lee, J.S., Lee, J., 2009. Transcriptional 
analysis of antioxidant and immune defense genes in disk abalone (Halitotis discus 
discus) during thermal, low salinity and hypoxic stress. Comparative Biochemistry and 
Physiology Part B 154, 387-395. 
De Zwaan, A., Kluytmans, J.H., Zandee, D.I., 1976. Faculative anaerobiosis in 
molluscs. Biochemical Society Symposium 41, 133-168. 
Deigweiher, K., 2009. Impact of high CO2 concentrations on marine life: Molecular 
mechanisms and physiological adaptations of pH and ion regulation in marine fish. 
University of Bremen, Bremen, Germany. 
Denny, M.W., Miller, L.P., Harley, C.D.G., 2006. Thermal stress on intertidal limpets: 
long-term hindcasts and lethal limits. Journal of Experimental Biology 209, 2420-2431. 
Desalvo, M.K., Voolstra, C.R., Sunagawa, S., Schwarz, J.A., Stillman, J.H., Coffroth, 
M.A., Szmant, A.M., Medina, M., 2008. Differrential gene expression during thermal 
stress and bleaching in the Caribbean coral Montastraea faveolata. Molecular Ecology 
17, 3952-3971. 
References 
- 214 - 
 
Dickson, A.G., 1990. Standard potential of the reaction: and the standard acidity 
constant of the ion HSO4- in synthetic sea water from 273.15 to 318.15 K. The Journal 
of Chemical Thermodynamics 22, 113-127. 
Dickson, A.G., 2011. The carbon dioxide system in seawater: equilibrium chemistry 
and measurements, in: Riebesell, U., Fabry, V.J., Hansson, L., Gattuso, J.P. (Eds.), 
Guide to best practices for ocean acidification research and data reporting. European 
Union, pp. 17-40. 
Dickson, A.G., Millero, F.J., 1987. A comparison of the equilibrium constants for the 
dissociation of carbonic acid in seawater media. Deep-Sea Research 34, 1733-1743. 
Dittman, D.E., Ford, S.E., Padilla, D.K., 2001. Effects of Perkinsus marinus on 
reproduction and condition of the Eastern oyster, Crassostrea virginica, depend on 
timing. Journal of Shellfish Research 20, 1025-1034. 
Dixon, R.A., 2001. Natural products and plant disease resistance. Nature 411, 843-847. 
Dondero, F., Dagnino, A., Jonsson, H., Caprí, F., Gastaldi, L., Viarengo, A., 2006. 
Assessing the occurrence of a stress syndrome in mussels (Mytilus edulis) using a 
combined biomarker/gene expression approach. Aquatic toxicology 78S, S13-S24. 
Doney, S.C., 2010. The growing human footprint on coastal and open-ocean 
biogeochemistry. Science 328, 1512-1516. 
Duchemin, M.B., Fournier, M., Auffret, M., 2007. Seasonal variations of immune 
parameters in diploid and triploid Pacific oysters, Crassostrea gigas (Thunberg). 
Aquaculture 264, 73-81. 
Dupont, S., Lundve, B., Thorndyke, M.C., 2010a. Nearfuture ocean acidification 
increases growth rate of the lecithotrophic larvae and juveniles of the sea star 
Crossaster papposus. Journal of Experimental Zoology Part B: Molecular and 
Developmental Evolution 314B, 382-389. 
References 
- 215 - 
 
Dupont, S., Ortega-Martínez, O., Thorndyke, M.C., 2010b. Impact of near-future ocean 
acidification on echinoderms. Ecotoxicology 19, 449-462. 
Ede, R., Krogh, A., 1914. On the relation between the temperature and the respiratory 
exchnage in fishes. Hydrobiol Hydrographie 7, 48-55. 
Egilsdottir, H., Spicer, J.I., Rundle, S.D., 2009. The effect of CO2 acidified sea water 
and reduced salinity on aspects of the embryonic development of the amphipod 
Echinogammarus marinus (Leach). Marine Pollution Bulletin 58, 1187-1191. 
Ekman, D.R., Teng, Q., Villeneuve, D.L., Kahl, M.D., Jensen, K.M., Durhan, E.J., 
Ankley, G.T., Collette, T.W., 2008. Investigating compensation and recovery of fathead 
minnow (Pimephales promelas) exposed to 17α-ethynylestradiol with metabolite 
profiling. Environmental Science & Technology 42, 4188-4194. 
Ellis, R.P., Bersey, J., Rundle, S.D., Hall-Spencer, J.M., Spicer, J.I., 2009. Subtle but 
significant effects of CO2 acidified seawater on embryos of the intertidal snail, Littorina 
obtusata. Aquatic Biology 5, 41-48. 
Ellis, R.P., Parry, H., Spicer, J.I., Hutchinson, T.H., Pipe, R.K., Widdicombe, S., 2011. 
Immunological function in marine invertebrates: responses to environmental 
perturbation. Fish & Shellfish Immunology 30, 1209-1222. 
Elston, R.A., Hasegawa, H., Humphrey, K.L., Polyak, I.K., Häse, C.C., 2008. Re-
emergence of Vibrio tubiashii in bivalve shellfish aquaculture: severity, environmental 
drivers, geographic extent and management. Diseases of Aquatic Organisms 82, 119-
134. 
Fabry, V.J., Seibel, B.A., Feely, R.A., Orr, J.C., 2008. Impacts of ocean acidification on 
marine fauna and ecosystem processes. ICES Journal of Marine Science 64, 414-432. 
Fang, F.C., 1997. Mechanism of nitric oxide-related antimicrobial activity. Journal of 
Clinical Investigation 99, 2818-2825. 
References 
- 216 - 
 
FAO, 2010. The state of world fisheries and aquaculture. Food and Agriculture 
Organisation, United Nations, Rome. 
Fearman, J., Moltschaniwskyj, N.A., 2010. Warmer temperatures reduce rates of 
gametogenesis in temperate mussels, Mytilus galloprovincialis. Aquaculture 305, 20-25. 
Feely, R.A., Alin, S.R., Newton, J., Sabine, C.L., Warner, M., Devol, A., Krembs, C., 
Maloy, C., 2010. The combined effects of ocean acidification, mixing, and respiration 
on pH and carbonate saturation in an urbanized estuary. Estuarine, Coastal and Shelf 
Science 88, 442-449. 
Feely, R.A., Sabine, C.L., Hernandez-Ayon, J.M., Ianson, D., Hales, B., 2008. Evidence 
for upwelling of corrosive “acidified” water onto the continental shelf. Science 320, 
1490-1492. 
Fevrier, Y., Russo, J., Madec, L., 2009. Intraspecific variation in life history traits of a 
land snail after a bacterial challenge. Journal of Zoology 277, 149-156. 
Fiehn, O., 2002. Metabolomics: the link between genotypes and phenotypes. Plant 
Molecular Biology 48, 155-171. 
Findlay, H.S., Kendall, M.A., Spicer, J.I., Widdicombe, S., 2010. Post-larval 
development of two intertidal barnacles at elevated CO2 and tempertaure. Marine 
Biology 157, 725-735. 
Findlay, H.S., Wood, H.L., Kendall, M.A., Spicer, J.I., Twitchett, R.J., Widdicombe, S., 
2012. Comparing the impact of high CO2 on calcium carbonate structures in different 
marine organisms. Marine Biology Research 7, 565-575. 
Fisher, W.S., Oliver, L.M., Winstead, J.T., Long, E.R., 2000. A survey of oysters 
Crassostrea virginica from tampa Bay Florida: associations of internal defense 
measurements with contaminant burdens. Aquatic toxicology 51, 115-138. 
References 
- 217 - 
 
Flegel, T.W., 2007. Update on viral accomodation, a model for host-viral interaction in 
shrimp and other arthropods. Developmental and Comparative Immunology 31, 217-
231. 
Flye-Sainte-Marie, J., Pouvreau, S., Paillard, C., Jean, F., 2007. Impact of Brown Ring 
Disease on the energy budget of the Manila clam Ruditapes philippinarum. Journal of 
Experimental Marine Biology and Ecology 349, 378-389. 
Flynn, K.J., Blackford, J.C., Baird, M.E., Raven, J.A., Clark, D.R., Beardall, J., 
Brownlee, C., Fabian, H., Wheeler, G.L., 2012. Changes in pH at the exterior surface of 
plankton with ocean acidification. Nature Climate Change doi:10.1038/nclimate1489. 
Foley, D.A., Cheng, T.C., 1975. A quantitative study of phagocytosis by haemolymph 
cells of the pelecypods Crassostrea virginica and Merceneria merceneria. Journal of 
Invertebrate Pathology 25, 189-197. 
Ford, S.E., Figueras, A.J., 1988. Effects of sublethal infection by the parasite 
Haplosporidium nelsoni (MSX) on gametogenesis, spawning, and sex ratios of oysters 
in Delaware Bay, USA. Diseases of Aquatic Organisms 4, 121-133. 
Fournier, M., Pellerin, J., Clermont, Y., Morin, Y., Brousseau, P., 2001. Effects of in 
vivo exposure of Mya arenaria to organic and inorganic mercury on phagocytic activity 
of hemocytes. Toxicology 161, 201-211. 
Frankignoulle, M., Abril, G., Borges, A., Bourge, I., Canon, C., CDeLille, B., Libert, E., 
Theate, J.M., 1998. Carbon dioxide emission from European estuaries. Science 282, 
434-436. 
Frederich, M., Pörtner, H.O., 2000. Oxygen limitation of thermal tolerance defined by 
cardiac and ventilatory performance in spider crab, Maja squinado. American Journal of 
Physiology Regulatory, Integrative and Comparative Physiology 279, R1531-R1538. 
References 
- 218 - 
 
Fuji, S., Akaike, T., Maeda, H., 1999. Role of nitric oxide in pathogenesis of herpes 
simplex virus encephalitis in rats. Virology 256, 203-212. 
Gagnaire, B., Frouin, H., Moreau, K., Thomas-Guyon, H., Renault, T., 2006a. Effects of 
temperature and salinity on haemocyte activities of the Pacific oyster, Crassostrea gigas 
(Thunberg). Fish & Shellfish Immunology 20, 536-547. 
Gagnaire, B., Renault, T., Bouilly, K., Lapègue, S., Thomas-Guyon, H., 2003. Study of 
atrazine effects on Pacific oyster, Crassostrea gigas, haemocytes. Current 
Pharmaceutical Design 8, 99-110. 
Gagnaire, B., Thomas-Guyon, H., Burgeott, T., Renault, T., 2006b. Pollutant effects on 
Pacific oyster, Crassostrea gigas (Thunberg), haemocytes: Screening of 23 molecules 
using flow cytometry. Cell Biology and Toxicology 22, 1-14. 
Gagnaire, B., Thomas-Guyon, H., Renault, T., 2004. In vitro effects of cadmium and 
mercury on Pacific oyster, Crassostrea gigas (Thunberg), haemocytes. Fish & Shellfish 
Immunology 16, 501-512. 
Galap, C., Netchitailo, P., Leboulenger, F., Grillot, J., 1999. Variations of fatty acid 
contents in selected tissues of the female dog cockle(Glycymeris glycymeris L., 
Mollusca, Bivalvia) during the annual cycle. Comparative Biochemistry and 
Physiology, Part A 112, 241-254. 
Gallager, S.M., Mann, R., 1986. Growth and survival of larvae of Mercenaria 
mercenaria (L.) and Crassostrea virginica (Gmelin) relative to broodstock conditioning 
and lipid content of eggs. Aquaculture 56, 105-121. 
Gallager, S.M., Mann, R., Sasaki, G.C., 1986. Lipid as an index of growth and viability 
in three species of bivalve larvae. Aquaculture 56, 81-103. 
References 
- 219 - 
 
Gattuso, J.P., Hansson, L., 2011. Ocean acidification: background and history, in: 
Gattuso, J.P., Hansson, L. (Eds.), Ocean acidification. Oxford University Press, New 
York, pp. 1-20. 
Gattuso, J.P., Lavigne, H., 2009. Technical note: approaches and software tools to 
investigate the impact of ocean acidification. Biogeosciences 6, 2121-2133. 
Gaylord, B., Hill, T.M., Sanford, E., Lenz, E.A., Jacobs, L.A., Sato, K.N., Russell, 
A.D., Hettinger, A., 2011. Functional impacts of ocean acidification in an ecologically 
critical foundation species. Journal of Experimental Biology 214, 2586-2594. 
Gazeau, F., Gattuso, J.P., Dawber, C., Pronker, A.E., Peene, F., Peene, J., Heip, C.H.R., 
Middleberg, J.J., 2010. Effect of ocean acidification on the early life stages of the blue 
mussel (Mytilus edulis). Biogeosciences 7, 2051-2060. 
Gazeau, F., Quiblier, C., Jansen, J.M., Gattuso, J.P., Middleberg, J.J., Heip, C.H.R., 
2007. Impact of elevated CO2 on shellfish calcification. Geophysical Research Letters 
34, L07603, doi:07610.01029/02006GL028554. 
Genard, B., Moraga, D., Pernet, F., David, É., Boudry, P., Tremblay, R., 2012. 
Expression of candidate genes related to metabolism, immunity and cellular stress 
during massive mortality in the American oyster Crassostrea virginica larvae in relation 
to biochemical and physiological parameters. Gene 499, 70-75. 
Gestal, C., Roch, P., Renault, T., Pallavicini, A., Paillard, C., Novoa, B., Oubella, R., 
Venier, P., Figueras, A., 2008. Study of diseases and the immune system of bivalves 
using molecular biology and genomics. Reviews in Fisheries Science 16, 131-154. 
Gilg, M.R., Hilbish, T.J., 2003. Spatio-temporal patterns in the genetic structure of 
recently settled blue mussels (Mytilus spp.) across a hybrid zone. Marine Biology 143, 
679-690. 
References 
- 220 - 
 
Goldberg, D.S., Takahashi, T., Slagle, A.L., 2008. Carbon dioxide sequestration in 
deep-sea basalt. Proceedings of the National Academy of Science USA 105, 9920-9925. 
Goldberg, E.D., 1986. The mussel watch concept. Environmental Monitoring and 
Assesment 7, 91-103. 
Gonzalez, M., Gueguen, Y., Desserre, G., de Logeril, J., Romestand, B., Bachère, E., 
2007. Molecular characterization of two isoforms of defensin from hemocytes of the 
oyster Crassostrea gigas. Developmental and Comparative Immunology 31, 332-339. 
Gooding, R.A., Harley, C.D.G., Tang, E., 2009. Elevated water temperature and carbon 
dioxide concentration increase the growth of a keystone echinoderm. Proceedings of the 
National Academy of Science USA 106, 9316-9321. 
Gosling, E., 1992. Systematics and geographic distribution of Mytilus, in: Gosling, E. 
(Ed.), The Mussel Mytilus: ecology, physiology, genetics and culture. Elselvier, 
Amsterdam, pp. 1-20. 
Gosling, E., 2003. Bivalve molluscs: biology, ecology and culture. Blackwell Science, 
Oxford, p. 443. 
Gräslund, S., Bengtsson, B., 2001. Chemicals and biological products used in south-east 
Asian shrimp farming, and their potential impact on the environment - a review. The 
Science of the Total Environment 280, 93-131. 
Green, A.J., 2001. Mass/Length residuals: measures of body condition or generators of 
spurious results? Ecology 82, 1473-1483. 
Grieshaber, M.K., Hardewig, I., Kreutzer, U., Pörtner, H.O., 1994. Physiological and 
metabolic responses to hypoxia in invertebrates. Reviews of Physiology Biochemistry 
and Pharmacology 125, 43-147. 
References 
- 221 - 
 
Gu, M., Ma, H., Mai, K., Zhang, W., Ai, Q., Wang, X., Bai, N., 2010. Immne response 
of sea cucumber Apostichopus japonicus coelomocytes to several immunostimulants in 
vitro. Aquaculture 306, 49-56. 
Guppy, M., Withers, P., 1999. Metabolic depression in animals: physiological 
perspectives and biochemical generalisations. Biological Reviews 74, 1-40. 
Gutiérrez, J.L., Jones, C.G., Strayer, D.L., Iribane, O.O., 2003. Molluscs as ecosystem 
engineers: the role of shell production in aquatic habitats. Oikos 101, 79-90. 
Hale, R., Calosi, P., McNeill, L., Mieszkowska, N., Widdicombe, S., 2011. Predicted 
levels of future ocean acidification and temperature rise could alter community structure 
and biodiversity in marine benthic communities. Oikos 120, 661-674. 
Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., D'Agrosa, C., 
Bruno, J.F., Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., 
Madin, E.M.P., Perry, M.T., Selig, E.R., Spalding, M., Steneck, R., Watson, R., 2008. A 
global map of human impact on marine ecosystems. Science 319, 948-952. 
Hancock, R.E.W., Brown, K.L., Mookherjee, N., 2006. Host defence peptides from 
invertebrates - emerging antimicrobial strategies. Immunobiology 211, 315-322. 
Harley, C.D.G., Hughes, A.R., Hultgren, K.M., Miner, B.G., Sorte, C.J.B., Thornber, 
C.S., Rodriguez, L.F., Tomanek, L., Williams, S.L., 2006. The impacts of climate 
change in coastal marine systems. Ecology Letters 9, 228-241. 
Hauton, C., Brockton, V., Smith, V.J., 2007. Changes in immune gene expression and 
resistance to bacterial infection in lobster (Homarus gammarus) post-larval stage VI 
following acute or chronic exposure to immune stimulating compounds. Molecular 
Immunology 44, 443-450. 
Hauton, C., Hawkins, L.E., Hutchinson, S., 2000. The effects of salinity on the 
interaction between a pathogen (Listonella anguillarum) and components of a host 
References 
- 222 - 
 
(Ostrea edulis) immune system. Comparative Biochemistry and Physiology Part B 127, 
203-212. 
Havenhand, J., Buttler, F.R., Thorndyke, M.C., Wiliamson, J.E., 2008. Near-future 
levels of ocean acidification reduce fertilization success in a sea urchin. Current Biology 
18, R651-R652. 
Hawkins, D.G., 2004. No exit: thinking about leakage from geological carbon storage 
sites. Energy 29, 1571-1578. 
Hazel, J.R., 1995. Thermal adaptation in biological membranes: is homeoviscous 
adaptation the explination? Annual Review of Physiology 57, 19-42. 
Hégaret, H., Wikfors, G.H., Soudant, P., 2003. Flow cytometric analysis of haemocytes 
from eastern oysters, Crassostrea virginica, subjected to a sudden temperature elevation 
II. Haemocyte functions: aggregation, viability, phagocytosis, and respiratory burst. 
Journal of Experimental Marine Biology and Ecology 293, 249-265. 
Helm, M.M., Holland, D.L., Stephenson, R.R., 1973. The effect of supplementary algal 
feeding of a hatchery breeding stock of Ostrea edulis L. on larval vigour. Journal of the 
Marine Biological Association of the United Kingdom 53, 673-684. 
Hendriks, I.E., Duarte, C.M., Álvarez, M., 2010. Vulnerability of marine biodiversity to 
ocean acidification: A meta-analysis. Estuarine, Coastal and Shelf Science 86, 157-164. 
Hernroth, B., Baden, S., Thorndyke, M., Dupont, S., 2011. Immune suppression of the 
echinoderm Asterias rubens (L.) following long-term ocean acidification. Aquatic 
toxicology 103, 222-224. 
Hernroth, B., Baden, S.P., Holm, K., Andrén, T., Söderhäll, I., 2004. Manganese 
induced immune-suppression in Norway lobster. Aquatic toxicology 70, 223-231. 
References 
- 223 - 
 
Hilbish, T.J., Carson, E.W., Plante, J.R., Weaver, L.A., Gilg, M.R., 2002. Distribution 
of Mytilus edulis, M. galloprovincialis, and their hybrids in open-coast populations of 
mussels in southwestern England. Marine Biology 140, 137-142. 
Hilbish, T.J., Lima, F.P., Brannock, P.M., Fly, E.K., Rognstad, R.L., Wethey, D.S., 
2012. Change and stasis in marine hybrid zones in response to climate warming. Journal 
of Biogeography 39, 676-687. 
Hines, A., Oladiran, G., Bignell, J.P., Stentiford, G.D., Viant, M.R., 2007a. Direct 
sampling of organisms from the field and knowledge of their phenotype: key 
recommendations for environmnetal metabolomics. Environmental Science and 
Technology 41, 3375-3381. 
Hines, A., Staff, F.J., Widdows, J., Compton, R.M., Falciani, F., Viant, M.R., 2010. 
Discovery of metaboloic signatures for predicting whole organism toxicology. 
Toxicological Sciences 115, 369-378. 
Hines, A., Yeung, W.H., Craft, J., Brown, M., Kennedy, J., Bignell, J.P., Stentiford, 
G.D., Viant, M.R., 2007b. Comparison of histological, genetic, metabolomics and lipid-
based methods for sex determination in marine mussels. Analytical Biochemistry 369, 
175-186. 
Hoegh-Guldberg, O., 2005. Low coral cover in a high-CO2 world. Journal of 
Geophysical Research 110, C09S06, doi:10.1029/2004JC002528. 
Hoffmann, J.A., Reichhart, J.M., 2002. Drosophila innate immunity: an evolutionary 
perspective. Nature Immunology 3, 121-126. 
Holloway, S., 2005. Underground sequestration of carbon dioxide - a viable greenhose 
gas mitigation option. Energy 30, 2318-2333. 
References 
- 224 - 
 
Holm, K., Dupont, S., Sköld, H., Stenius, A., Thorndyke, M.C., Hernroth, B., 2008. 
Induced cell proliferation in ptative haematopoietic tissues of the sea star Asterias 
rubens (L.). The Journal of Experimental Biology 211, 2551-2558. 
Honkoop, P.J.C., Van der Meer, J., Beukema, J.J., Kwast, D., 1999. Reproductive 
investment in the intertidal bivalve Macoma balthica. Journal of Sea Research 41, 203-
212. 
Hooper, C., Day, R., Slocombe, R., Handlinger, J., Benkendorff, K., 2007. Stress and 
immune responses in abalone: Limitations in current knowledge and investigative 
methods based on other models. Fish & Shellfish Immunology 22, 363-379. 
Hutchinson, T.H., Bögi, C., Winter, M.J., Owens, J.W., 2009. Benefits of the maximum 
tolerated dose (MTD) and maximum tolerated concentration (MTC) concept in aquatic 
toxicology. Aquatic toxicology 91, 197-202. 
Hwang, T.L., Shaka, A.J., 1995. Water supperssion that works: excitation sculpting 
using arbitrary wave-forms and pulse-field gradients. Journal of Magnetic Resonance. 
Series A 112, 275-279. 
Iglesias-Rodriguez, M.D., Halloran, P.R., Rickaby, R.E.M., Hall, I.R., Colmenero-
Hidalgo, E., Gittins, J.R., Green, D.R.H., Tyrrell, T., Gibbs, S.J., von Dassow, P., 
Rehm, E., Armbrust, E.V., Boessenkool, K.P., 2008. Phytoplankton calcification in a 
high-CO2 world. Science 320, 336-340. 
IPCC, 2007. Climate change 2007: the physical science basis: Contribution of working 
group I to the fourth assessment. Report of the intergovernmental panel on climate 
change., in: Solomon, S., Qin, Q., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., 
Tignor, M., Miller, H.L. (Eds.). Cambridge University Press, Cambridge, United 
Kingdom, p. 996. 
References 
- 225 - 
 
Jacot, A., Scheuber, H., Brinkhof, M.W.G., 2004. Costs of an induced immune response 
on sexual display and longevity in field crickets. Evolution 58, 2280-2286. 
Janeway, C.A., Medzhitov, R., 2002. Innate immune recognition. Annual Review of 
Immunology 20, 197-216. 
Jones, O.A.H., Dondero, F., Viarengo, A., Griffin, J.L., 2008. Metabolic profiling of 
Mytilus galloprovincialis and its potential applications for pollution assessment. Marine 
Ecology Progress Series 369, 169-179. 
Jones, S.J., Mieszkowska, N., Wethey, D.S., 2009. Linking thermal tolerances and 
biogeography: Mytilus edulis (L.) at its southern limit on the East coast of the United 
States. Biological Bulliten 217, 73-85. 
Jung, S., Dingley, A.J., Augustin, R., Anton-Erxleben, F., Stanisak, M., Gelhaus, C., 
Gutsmann, T., Hammer, M.U., Podschun, R., Bonvin, A.M.J.J., Leippe, M., Bosch, 
T.C.G., Grötzinger, J., 2009. Hydramacin-1, structure and antibacterial activity of a 
protein from the basal metazoan Hydra. The Journal of Biological Chemistry 284, 
1896-1905. 
Kanter, R.G., 1980. Biogeographic patterns in mussel community distribution from the 
Southern Californian Bight., in: Power, D.M. (Ed.), The Californian islands: 
proceedings of a multidisciplinary symposium. Santa Barbara Museum of Natural 
History, Santa Barbara, California, USA, pp. 341-355. 
Kearney, M., Porter, W., 2009. Mechanistic niche modelling: combining physiological 
and spatial data to predict species' ranges. Ecology Letters 12, 334-350. 
Kelly, C.D., 2011. Reproductive and physiological costs of repeated immune challenges 
in female Wellington tree weta (Orthoptera: Anostostomatidae). Biological Journal of 
the Linnean Society 104, 38-46. 
References 
- 226 - 
 
Kerr, A.M., Gershman, S.N., Sakaluk, S.K., 2010. Experimentally induced 
spermatophore production and immune responses reveal a trade-off in crickets. 
Behavioral Ecology 21, 647-654. 
Kim, J.Y., Kim, Y.M., Cho, S.K., Choi, K.S., Cho, M., 2008. Nobel tandem-repeat 
galectin of Manila clam Ruditapes philippinarum is induced upon infection with the 
protozoan parasite Perkinsus olseni. Developmental and Comparative Immunology 32, 
1131-1141. 
Kleypas, J.A., Feely, R.A., Fabry, V.J., Langdon, C., Sabine, C.L., Robbins, L.I., 2006. 
Impacts of ocean acidification on coral reefs and other marine calcifiers: a guide for 
future research, report of a workshop held 18-20 April 2005, St.; Petersberg, FL, 
sponsered by NSF, NOAA, and the U.S. Geological Survey, 88p. 
Knoll, A.H., Bambach, R.K., Canfield, D.E., Grotzinger, J.P., 1996. Comparative earth 
history and late permian mass extinction. Science 273, 452-457. 
Knoll, A.H., Bambach, R.K., Payne, J.L., Pruss, S., Fischer, H., 2007. Paleophysiology 
and end-Permian mass extinction. Earth and Planetary Science Letters 256, 295-313. 
Knoll, A.H., Fischer, W.W., 2011. Skeletons and ocean chemistry: the long view, in: 
Gattuso, J.P., Hansson, L. (Eds.), Ocean acidification. Oxford University Press, New 
York. 
Kroeker, K.J., Kordas, R.L., Crim, R.N., Singh, G.G., 2010. Meta-analysis reveals 
negative yet variable effects of ocean acidification on marine organisms. Ecology 
Letters 13, 1419-1434. 
Kühl, M., Cohen, Y., Dalsgaard, T., Barker Jørgensen, B., 1995. Microenvironment and 
photosynthesis of zooxanthellae in scleractinian corals studied with microsensors for 
O2, pH and light. Marine Ecology Progress Series 117, 159-172. 
References 
- 227 - 
 
Kurihara, H., 2008. Effects of CO2-driven ocean acidification on the early 
developmental stages of invertebrates. Marine Ecology Progress Series 373, 275-284. 
Kurihara, H., Shirayama, Y., 2004. Effects of increased atmospheric CO2 on sea urchin 
early development. Marine Ecology Progress Series 274, 161-169. 
Kurochkin, I.O., Ivanina, A.V., Eilers, S., Downs, C.A., May, L.A., Sokolova, I.M., 
2009. Cadmium affects metabolic responses to prolonged anoxia and reoxygenation in 
eastern oysters Crassostrea virginica. American Journal of Physiology 297, R1262-
R1272. 
Lacoste, A., Jalabert, F., Malham, S.K., Cueff, A., Poulet, S.A., 2001. Stress and stress-
induced neuroendocrine changes increase the susceptability of juvenile oysters 
(Crassostrea gigas) to Vibrio splendidus. Applied and Environmental Microbiology 67, 
2304-2309. 
Lacoste, A., Malham, S.K., Gélébart, F., Cueff, A., Poulet, S.A., 2002. Stress-induced 
immune changes in the oyster Crassostrea gigas. Developmental and Comparative 
Immunology 26, 1-9. 
Langdon, C., Atkinson, M.J., 2005. Effect of elevated pCO2 on photosynthesis and 
calcification of corals and interactions with seasonal change in temperature/irradiance 
and nutrient enrichment. Journal of Geophysical Research 110, C09S07. 
Langdon, C.J., Waldock, M.J., 1981. The effect of algal and artificial diets on the 
growth and fatty acid composition of Crassostrea gigas spat. Journal of the Marine 
Biological Association of the United Kingdom 62, 431-448. 
Lannig, G., Eilers, S., Pörtner, H.O., Sokolova, I.M., Bock, C., 2010. Impact of ocean 
acidification on energy metabolism of oyster, Crassostrea gigas - changes in metabolic 
pathways and thermal response. Marine Drugs 8, 2318-2339. 
References 
- 228 - 
 
Lazzaro, B.P., Little, T.J., 2009. Immunity in a variable world. Philosophical 
Transactions of the Royal Society of London, Series B 364, 15-26. 
Le Moullac, G., Haffner, P., 2000. Environmental factors affecting immune responses 
in Crustacea. Aquaculture 191, 121-131. 
Le Quéré, C., Raupach, M.R., Canadell, J.G., Marland, G., Bopp, L., Ciais, P., Conway, 
T.J., Doney, S.C., Feely, R.A., Foster, P., Friedlingstein, P., Gurney, K., Houghton, 
R.A., House, J.I., Huntingford, C., Levy, P.E., Lomas, M.R., Majkut, J., Metzl, N., 
Ometto, J.P., Peters, G.P., Prentice, I.C., Randerson, J.T., Running, S.W., Sarmiento, 
J.L., Schuster, U., Sitch, S., Takahashi, T., Viovy, N., van der Werf, G.R., Woodward, 
F.I., 2009. Trends in the sources and sinks of carbon dioxide. Nature Geoscience 2, 831-
836. 
Lee, K.K., Liu, P.C., Chen, Y.C., Huang, C.Y., 2001. The implication of ambient 
temperature with the outbreak of vibriosis in cultured small abalone Haliotis 
diversicolour supertexta Lischke. Journal of Thermal Biology 26, 585-587. 
Levitan, D.R., Petersen, C., 1995. Sperm limitation in the sea. Trends in Ecology and 
Evolution 10, 228-231. 
Li, C., Haug, T., Styrvold, O.B., Jørgensen, T.Ø., Stensvåg, K., 2008a. Strongylocins, 
novel antimicrobial peptides from the green sea urchin, Strongylocentrotus 
drobachiensis. Developmental and Comparative Immunology 32, 1430-1440. 
Li, H., Parisi, M.G., Toubiana, M., Cammarata, M., Roch, P., 2008b. Lysozyme gene 
expression and hemocyte behaviour in the Mediterranean mussel, Mytilus 
galloprovincialis, after injection of various bacteria or temperature stresses. Fish & 
Shellfish Immunology 25, 143-152. 
References 
- 229 - 
 
Li, H., Toubiana, M., Monfort, P., Roch, P., 2009a. Influence of temperature, salinity 
and E. coli tissue content on immune gene expression in mussel: Results from a 2005-
2008 survey. Developmental and Comparative Immunology 33, 974-979. 
Li, H., Venier, P., Prado-Alvárez, M., Gestal, C., Toubiana, M., Quartesan, R., 
Borghesan, F., Novoa, B., Figueras, A.J., Roch, P., 2010. Expression of Mytilus 
immune genes in response to experimental challenges varied according to the site of 
collection. Fish & Shellfish Immunology 28, 640-648. 
Li, Y., Qin, J.G., Li, X., Benkendorff, K., 2009b. Spawning-dependant stress responses 
in pacific oysters Crassostrea gigas: A simulated bacterial challenge in oysters. 
Aquaculture 293, 164-171. 
Lin, C.Y., Viant, M.R., Tjeerdema, R.S., 2006. Metabolomics: Methodologies and 
applications in the environmental sciences. Journal of Pesticide Science 31, 245-251. 
Liu, X., Zhang, L., You, L., Yu, J., Zhao, J., Li, L., Wang, Q., Li, F., Li, C., Liu, D., 
Wu, H., 2011. Differential toxicological effects induced by mercury in gills from three 
pedigrees of Manila clam Ruditapes philippinarum by NMR-based metabolomics. 
Ecotoxicology 20, 177-186. 
Liu, Y.H., Li, F.X., Song, B.X., Sun, H.L.Z., X. L., Gu, B.X., 1996. Study on 
aestivating habit of sea cucumber Apostichopus japonicus Selenka: II Ecological 
characteristics of aestivation. Journal of Fisheries Science China 3, 41-48. 
Lochmiller, R.L., 1996. Immunocompetence and animal population regulation. Oikos 
76, 594-602. 
Lochmiller, R.L., Deerenberg, C., 2000. Trade-offs in evolutionary immunology: just 
what is the cost of immunity? Oikos 88, 87-98. 
References 
- 230 - 
 
Lorenzon, S., Francese, M., Smith, V.J., Ferrero, E.A., 2001. Heavy metals affect the 
circulating haemocyte number in the shrimp Palaemon elegans. Fish & Shellfish 
Immunology 11, 459-472. 
Lowe, D.M., Moore, M.N., 1985. Cytological and cytochemical procedures, in: Bayne, 
B.L., Brown, D.A., Burns, K., Dixon, D.R., Ivanovici, A., Livingstone, D.R., Lowe, 
D.M., Moore, M.N., Stebbing, A.R.D., Widdows, J. (Eds.), The effects of stress and 
pollution on marine animals. Praeger Publishers, New York. 
Lowe, D.M., Moore, M.N., Bayne, B.L., 1982. Aspects of gametogenesis in the marine 
mussel Mytilus edulis L. Journal of the Marine Biological Association of the United 
Kingdom 62, 133-145. 
Lowe, D.M., Salkeld, P.N., Carr, M.R., 1994. The effect of geographical location on the 
cellular composition of the mantle tissue of the mussel, Mytilus edulis. Journal of the 
Marine Biological Association of the United Kingdom 74, 225-232. 
Luna-Acosta, A., Renault, T., Thomas-Guyon, H., Faury, N., Saulnier, D., Budzinski, 
H., Le Menach, K., Pardon, P., Fruitier-Arnaudin, I., Bustamante, P., 2012. Detection of 
early effects of a singel herbicide (diuron) and a mix of herbicides and pharmaceuticals 
(diruron, isoproturon, ibuprofen) on immunological parameters of Pacific oyster 
(Crassostrea gigas) spat. Chemosphere 87, 1335-1340. 
Malagoli, D., Casarini, L., Sacchi, S., Ottaviani, E., 2007. Stress and immune response 
in the mussel Mytilus galloprovincialis. Fish & Shellfish Immunology 23, 171-177. 
Malham, S.K., Lacoste, A., Gélébart, F., Cueff, A., Poulet, S.A., 2002. A first insight 
into stress-induced neuroendocrine and immune changes in the octopus Eledone 
cirrhosa. Aquatic Living Resources 15, 187-192. 
References 
- 231 - 
 
Martello, L.B., Friedman, C.S., Tjeerdema, R.S., 2000. Combined effects of 
pentachlorophenol and salinity stress on phagocytic and chemotactic function in two 
species of abalone. Aquatic toxicology 49, 213-225. 
Martin, L.B., Hopkins, W.A., Mydlarz, L.D., Rohr, J.R., 2010. The effects of 
anthropogenic global changes on immune functions and disease resistance. Annals of 
the New York Academy of Sciences 1195, 129-148. 
Martin, S., Gattuso, J.P., 2009. Response of Mediterranean coralline algae to ocean 
acidification and elevated temperature. Global Change Biology 15, 2089-2100. 
Matozzo, V., Chinellato, A., Munari, M., Finos, L., Bressan, M., Marin, M.G., 2012. 
First evidence of immunomodulation in bivalves under seawater acidification and 
increased temperature. PLoS One 7, e33820. 
Matozzo, V., Da Ros, L., Ballarin, L., Meneghetti, F., Marin, G.M., 2003. Functional 
responses of haemocytes in the clam Tapes phillippinarum from the Lagoon of Venice: 
fishing impact and seasonal variations. Canadian Journal of Zoology 60, 949-958. 
Matozzo, V., Monari, M., Foschi, J., Papi, T., Cattani, O., Marin, G.M., 2005. Exposure 
to anoxia of the clam Chamelea gallina I. Effects on immune responses. Journal of 
Experimental Marine Biology and Ecology 325, 163-174. 
Matozzo, V., Monari, M., Foschi, J., Serrazanetti, G.P., Cattani, O., Marin, G.M., 2007. 
Effects of salinity on the clam Chamelea gallina. Part I: alterations in immune 
responses. Marine Biology 151, 1051-1058. 
Matozzo, V., Rova, G., Ricciardi, F., Marin, G.M., 2008. Immunotoxicity of the 
xenoestrogen 4-nonylphenol to the cockle Cerastoderma glaucum. Marine Pollution 
Bulletin 57, 453-459. 
References 
- 232 - 
 
Mayrand, E., St-Jean, S.D., Courtenay, S.C., 2005. Haemocyte responses of blue 
mussels (Mytilus edulis L.) transferred from a contaminated site to a reference site: can 
the immune system recuperate? Aquaculture Research 36, 962-971. 
Mehrbach, C., Culberson, C.H., Hawley, J.E., Pytkowicz, R.M., 1973. Measurements of 
the apparent dissociation constants of carbonic acid in seawater at atmospheric pressure. 
Limnology and Oceanography 18, 897-906. 
Melzner, F., Stange, P., Trübenbach, K., Thomsen, J., Casties, I., Panknin, U., Gorb, S., 
Gutowska, M., 2011. Food supply and seawater pCO2 impact calcification and internal 
shell dissolution in the blue mussel Mytilus edulis. PLoS One 6, e24223. 
doi:24210.21371/journal.pone.0024223. 
Mercier, L., Racotta, I.S., Yepiz-Plascencia, G., Muhlia-Almazán, A., Civera, R., 
Quiñones-Arreola, M.F., Wille, M., Sorgeloos, P., Palacios, E., 2009. Effect of diets 
containing different levels of highly unsaturated fatty acids on physiological and 
immune responses in Pacific whiteleg shrimp Litopenaeus vannamei (Boone) exposed 
to hadling stress. Aquaculture Research 40, 1849-1863. 
Michaelidis, B., Haas, D., Grieshaber, M.K., 2005a. Extracellular and intracellular acid-
base status with regard to the energy metabolism in the oyster Crassostrea gigas during 
exposure to air. Physiological and Biochemical Zoology 78, 373-383. 
Michaelidis, B., Ouzounis, C., Paleras, A., Pörtner, H.O., 2005b. Effects of long-term 
moderate hypercapnia on acid-base balance and growth rate in marine mussels Mytilus 
galloprovincialis. Marine Ecology Progress Series 293, 109-118. 
Miles, H., Widdicombe, S., Spicer, J.I., Hall-Spencer, J.M., 2007. Effects of 
amthropogenic seawater acidification on acid-base balance in the sea urchin 
Psammechinus miliaris. Marine Pollution Bulletin 54, 89-96. 
References 
- 233 - 
 
Mitta, G., Hubert, F., Dyrynda, E.A., Boudry, P., Roch, P., 2000a. Mytilin B and 
MGD2, two antimicrobial peptides of marine mussels: gene structure and expression 
analysis. Developmental and Comparative Immunology 24, 381-393. 
Mitta, G., Vandenbulcke, F., Roch, P., 2000b. Original involvement of antimicrobial 
peptides in mussel innate immunity. FEBS Letters 486, 185-190. 
Monari, M., Matozzo, V., Foschi, J., Cattani, O., Serrazanetti, G.P., Marin, G.M., 2007. 
Effects of high temperatures on functional responses of haemocytes in the clam 
Chamelea gallina. Fish & Shellfish Immunology 22, 98-114. 
Monari, M., Matozzo, V., Foschi, J., Marin, G.M., Cattani, O., 2005. Exposure to 
anoxia of the clam, Chamelea gallina II: Modulation of superoxide dismutase activity 
and expression in haemocytes. Journal of Experimental Marine Biology and Ecology 
325, 175-188. 
Morelissen, B., Harley, C.D.G., 2007. The effects of temperature on producers, 
consumers, and plant-herbivore interactions in an intertidal commnity. Journal of 
Experimental Marine Biology and Ecology 348, 162-173. 
Moret, Y., Schmid-Hempel, P., 2000. Survival for Immunity: The Price of Immune 
System Activation for Bumblebee Workers. Science 290, 1166-1168. 
Morley, N.J., 2010. Interactive effects of infectious diseases and pollution in aquatic 
molluscs. Aquatic toxicology 96, 27-36. 
Morris, S., Taylor, A.C., 1983. Diurnal and seasonal variation in physio-chemical 
conditions within intertidal rock pools. Estuarine, Coastal and Shelf Science 17, 339-
355. 
Morvan, C., Ansell, A.D., 1988. Stereological methods applied to reproductive cycle of 
Tapes rhomboides. Marine Biology 97, 355-364. 
References 
- 234 - 
 
Moya-Laraño, J., Macías-Ordóñez, R., Blanckenhorn, W.U., Fernández-Montraveta, C., 
2008. Analysisng body condition: mass, volume or density? Journal of Animal Ecology 
77, 1099-1108. 
Muller, W.E., Ushijima, H., Batel, R., Krasko, A., Borejko, a., Muller, I.M., Schroder, 
H.C., 2006. Novel mechanism for the radiation-induced bystander effect: nitric oxide 
and ethylene determine the response in sponge cells. Mutation Research 597, 62-72. 
Munday, P.M., Crawley, N.E., Nilsson, G.E., 2009. Interacting effects of elevated 
temperature and ocean acidification on aerobic performance in coral reef fishes. Marine 
Ecology Progress Series 388, 235-242. 
Munday, P.M., Dixson, D.L., McCormick, M.I., Meekan, M., Ferrari, M.C.O., Chivers, 
D.P., 2010. Replenishment of fish populations is threatened by ocean acidification. 
Proceedings of the National Academy of Science USA 107, 12930-12934. 
Muňoz, M., Vandenbulcke, F., Saulnier, D., Bachère, E., 2002. Expression and 
distribution of penaeidin antimicrobial peptides are regulated by haemocyte reactions in 
microbial challenged shrimp. European Journal of Biochemistry 269, 2678-2689. 
Muñoz, P., Meseguer, J., Esteban, M.Á., 2006. Phenoloxidase activity in three 
commercial bivalve species. Changes due to atural infestation with Perkinsus atlanticus. 
Fish & Shellfish Immunology 20, 12-19. 
Mydlarz, L.D., Couch, C.S., Weil, E., Smith, G., Harvell, C.D., 2009. Immune defenses 
of healthy, bleached and diseased Montastraea faveolata during a natural bleaching 
event. Diseases of Aquatic Organisms 87, 67-78. 
Mydlarz, L.D., Harvell, C.D., 2007. Peroxidase activity and inducibility in the sea fan 
coral exposed to a fungal pathogen. Comparative Biochemistry and Physiology Part A 
146, 54-62. 
References 
- 235 - 
 
Mydlarz, L.D., Holthouse, S.F., Peters, E.C., Harvell, C.D., 2008. Cellular responses in 
sea fan corals: Granular amoebocytes react to pathogen and climate stressors. PLoS One 
3, e1811. 
Nahrgang, J., Brooks, S.J., Evenset, A., Camus, L., Jonsson, M., Smith, T.J., Lukina, J., 
Frantzen, M., Giarratano, E., Renaud, P.E., 2012. Seasonal variation in biomarkers in 
blue mussel (Mytilus edulis), Icelandic scallop (Chlamys islandica) and Atlantic cod 
(Gadus morhua)—Implications for environmental monitoring in the Barents Sea. 
Aquatic toxicology, DOI:10.1016/j.aquatox.2012.1001.1009. 
Napolitano, G.E., Ackman, R.G., 1992. Anatomical distributions and temporal 
variations of lipid classes in sea scallops Placopecten magellanicus (Gmelin) from 
George bank (nova Scotia). Comparative Biochemistry and Physiology, Part B 103, 
645-650. 
Newton, K., Peters, R., Raftos, D.A., 2004. Phenoloxidase and QX disease resistance in 
Sydney rock oysters (Saccostrea glomerata. Developmental and Comparative 
Immunology 28, 565-569. 
Niklitschek, E.J., Secor, D.H., 2009. Dissolved oxygen, temperature and salinity effects 
on the ecophysiology and survival of juvenile atlantic sturgeon in estuarine waters: I. 
Laboratory results. Journal of Experimental Marine Biology and Ecology 381, S150-
S160. 
Nilsson, G.E., Dixson, D.L., Domenici, P., McCormick, M.I., Sørensen, C., Watson, S.-
A., Munday, P.L., 2012. Near-future carbon dioxide levels alter fish behaviour by 
interfering with neurotransmitter function. Nature Climate Change. 
Noël, D., Pipe, R.K., Elston, R., Bachère, E., Mialhe, E., 1994. Antigenic 
characterization of hemocyte sub-populations in the mussel Mytilus edulis by means of 
monoclonal antibodies. Marine Biology 119, 549-556. 
References 
- 236 - 
 
Ohsumi, T., 2004. Introduction: what is the ocean sequestration of carbon dioxide? 
Journal of Oceanography 60, 693-694. 
Olano, C.T., Bigger, C.H., 2000. Phagocytic activities of the gorgonian coral Swiftia 
exserta. Journal of Invertebrate Pathology 76, 176-184. 
Oliver, L.M., Fisher, W.S., Winstead, J.T., Hemmer, B.L., Long, E.R., 2001. 
Relationships between tissue contaminants and defense-related characteristics of oysters 
(Crassostrea virginica) from five Florida bays. Aquatic toxicology 55, 203-222. 
Orr, J.C., 2011. Recent and future changes in ocean carbonate chemistry, in: Gattuso, 
J.P., Hansson, L. (Eds.), Ocean acidification. Oxford University Press, New York, pp. 
41-66. 
Orr, J.C., Fabry, V.J., Aumont, O., Bopp, L., Doney, S.C., Feely, R.A., Gnanadesikan, 
A., Gruber, N., Ishida, A., Joos, F., Key, R.M., Lindsay, K., Maier-Reimer, E., Matear, 
R.J., Monfray, P., Mouchet, A., Najjar, R.G., Plattner, G.K., Rodgers, K.B., Sabine, 
C.L., Sarmiento, J.L., Schlitzer, R., Slater, R.D., Totterdell, I.J., Weirig, M.F., 
Yamanaka, Y., Yool, A., 2005. Anthropogenic ocean acidification over the twenty-first 
century and its impact on calcifying organisms. Nature 437, 681-686. 
Ovchinnikova, T.V., Balandin, S.V., Aleshina, G.M., Tagaev, A.A., Leonova, Y.F., 
Krasnodembsky, E.D., Men'shenin, A.V., Kokryakov, V.N., 2006. Aurelin, a novel 
antimicrobial peptide from jellyfish Aurelia aurita with structural features of defensins 
and channel-blocking toxins. Biochemical and Biophysical Research Communications 
348, 514-523. 
Oweson, C., Baden, S.P., Hernroth, B., 2006. Manganese induced apoptosis in 
haematopoietic cells of Nephrops norvegicus (L.). Aquatic toxicology 77, 322-328. 
References 
- 237 - 
 
Oweson, C., Hernroth, B., 2009. A comparative study on the influence of manganese on 
the bacteriacidal response of marine invertebrates. Fish & Shellfish Immunology 27, 
500-507. 
Oweson, C., Li, C., Söderhäll, I., Hernroth, B., 2010. Effects of manganese and hypoxia 
on coelomocyte renewal in the echinoderm Asterias rubens (L.). Aquatic toxicology 
100, 84-90. 
Oweson, C., Sköld, H., Pinsino, A., Matranga, V., Hernroth, B., 2008. Manganese 
effects on haematopoietic cells and circulating haemocytes of Asterias rubens (L.). 
Aquatic toxicology 89, 75-81. 
Palliard, C., 2004. A short-review of brown ring disease, a vibriosis affecting clams, 
Ruditapes philippinarum and Ruditapes decussatus. Aquatic Living Resources 17, 467-
475. 
Palliard, C., Allam, B., Oubella, R., 2004. Effect of temperature on defense parameters 
in Manila clam Ruditapes philippinarum challenged with Vibrio tapetis. Diseases of 
Aquatic Organisms 59, 249-262. 
Pampanin, D.M., Ballarin, L., Carotenuto, L., Marin, G.M., 2002. Air exposure and 
functionality of Chamelea gallina haemocytes: effects on haematocrit, adhesion, 
phagocytosis and enzyme contents. Comparative Biochemistry and Physiology Part A 
131, 605-614. 
Pan, L.Q., Hu, F.W., Jing, F.T., Liu, H.J., 2008. The effect of different acclimation 
temperatures on the prophenoloxidase system and other defence parameters in 
Litopenaeus vannamei. Fish & Shellfish Immunology 25, 137-142. 
Parker, L., Ross, P.M., O'Conner, W.A., 2009. The effect of ocean acidification and 
temperature on the fertilization and embryonic development of the Sydney rock oyster 
Saccostrea glomerata (Gould 1850). Global Change Biology 15, 2123-2136. 
References 
- 238 - 
 
Parker, L., Ross, P.M., O'Conner, W.A., 2010. Comparing the effect of elevated pCO2 
and temperature on the fertilization and early development of two species of oysters. 
Marine Biology 157, 2435-2452. 
Parker, L., Ross, P.M., O'Conner, W.A., 2011. Populations of the Sydney rock oyster, 
Saccostrea glomerata, vary in response to ocean acidification. Marine Biology 158, 689-
697. 
Parker, L.M., Ross, P.M., O'Conner, W.A., Borysko, L., Raftos, D.A., Pörtner, H.O., 
2012. Adult exposure influences offspring response to ocean acidification in oysters. 
Global Change Biology 18, 82-92. 
Parmesan, C., Yohe, G., 2003. A globally coherent fingerprint of climate change 
impacts across natural systems. Nature 421, 37-42. 
Parry, H.E., Pipe, R.K., 2004. Interactive effects of temperature and copper on 
immunocompetence and disease susceptibility in mussels (Mytilus edulis). Aquatic 
toxicology 69, 311-325. 
Parsons, H.M., Ludwig, C., Günther, U.L., Viant, M.R., 2007. Improved classification 
accuracy in 1- and 2-dimensional NMR metabolomics data using the variance 
stabilising generalised logarithm transformation. BMC Bioinformatics 8, 234. 
Pazos, A.J., Román, G., Acosta, C.P., Sánchez, J.L., Abad, M., 1997. Lipid classes and 
fatty acid composition in the female gonad of Pecten maximus in relation to 
reproductive cycle and environmental variables. Comparative Biochemistry and 
Physiology Part B 117, 393-402. 
Pazos, A.J., Ruíz, C., García-Martín, O., Abad, M., Sánchez, J.L., 1996. Seasonal 
variations of the lipid content and fatty acid composition of Crassostrea gigas cultured 
in El Grove, Galicia, N. W. Spain. Comparative Biochemistry and Physiology, Part B 
114, 171-179. 
References 
- 239 - 
 
Pechenik, J.A., 2006. Larval experience and latent effects - metamorphosis is not a new 
beginning. Integrative and Comparative Biology 46, 323-333. 
Pelejero, C., Calvo, E., Hoegh-Guldberg, O., 2010. Paleo-perspectives on ocean 
acidification. Trends in Ecology and Evolution 25, 332-344. 
Pernet, F., Trembley, R., Comeau, L., Guderley, H., 2007. Temperature adaptation in 
two bivalve species from different thermal habitats: energetics and remodelling of 
membrane lipids. The Journal of Experimental Biology 210, 2999-3014. 
Perry, A.L., Low, P.J., Ellis, J.R., Reynolds, J.D., 2005. Climate change and distribution 
shifts in marine fishes. Science 308, 1912-1915. 
Peters, R., Raftos, D.A., 2003. The role of phenoloxidase suppression in QX disease 
outbreaks among Sydney rock oysters (Saccostrea glomerata). Aquaculture 223, 29-39. 
Petes, L.E., Menge, B.A., Harris, A.L., 2008. Intertidal mussels exhibit energetic trade-
offs between reproduction and stress resistance. Ecological Monographs 78, 387-402. 
Pettersen, A.K., Turchini, G.M., Jahangard, S., Ingram, B.A., Sherman, C.D.H., 2010. 
Effects of different dietry microalgae on survival, growth, settlement and fatty acid 
composition of blue mussel (Mytilus galloprovincialis) larvae. Aquaculture 309, 115-
124. 
Philipp, E.E.R., Kraemer, L., Melzner, F., Poustka, A.J., Thieme, S., Findeisen, U., 
Schreiber, S., Rosenstiel, P., 2012. Massively parallel RNA sequenceing idetifies a 
complex immune gene repertoire in the lophotrochozoan Mytilus edulis. PLoS One 7, 
e33091. 
Pierrot, E.C., Lewis, E., Wallace, D.W.R., 2006. CO2SYS Dos program developed for 
CO2 system calculations. ORNL/CDIAC-105. Carbon Dioxide Information Analysis 
Centre, Oak Ridge National Laboratory, US Department of Energy, Oak Ridge, TN. 
References 
- 240 - 
 
Pinsino, A., Thorndyke, M.C., Matranga, V., 2007. Coelomocytes and post-traumatic 
response in the common sea star Asterias rubens. Cell Stress & Chaperones 12, 331-
341. 
Pipe, R.K., 1990a. Differential binding of lectins to haemocytes of the mussel Mytilus 
edulis. Cell Tissue Research 261, 261-268. 
Pipe, R.K., 1990b. Hydrolytic enzymes associated with the granular haemocytes of the 
marine mussel Mytilus edulis. Histochemical Journal 22, 595-603. 
Pipe, R.K., Coles, J.A., Carissan, F.M.M., Ramanathan, K., 1999. Copper induced 
immunomodulation in the marine mussel, Mytilus edulis. Aquatic toxicology 46, 43-54. 
Pipe, R.K., Coles, J.A., Farley, S.R., 1995a. Assays for measuring immune response in 
the mussel Mytilus edulis, in: Stolen, J.S., Fletcher, T.C., Smith, S.A., Zelikoff, J.T., 
Kaattari, S.L., Anderson, R.S., Söderhäll, K., Weeks-Perkins, B.A. (Eds.), Techniques 
in Fish Immunology; immunology and pathology of aquatic invertebrates. SOS 
Publications, Fair Haven, NJ, USA. 
Pipe, R.K., Coles, J.A., Thomas, M.E., Fossato, V.U., Pulsford, A.L., 1995b. Evidence 
for environmnetally derived immunomodulation in mussels from the Venice Lagoon. 
Aquatic toxicology 32, 59-73. 
Pipe, R.K., Farley, S.R., Coles, J.A., 1997. The separation and characterisation of 
haemocytes from the mussel Mytilus edulis. Cell and Tissue Research 289, 537-545. 
Piretti, M.V., Zuppa, F., Pagliuca, G., Taiolo, F., 1988. Investigation of seasonal 
variations of fatty acid constituents in selected tissues of the bivalve mollusc Scafarca 
inaequivalvis (Bruguiere). Comparative Biochemistry and Physiology, Part B 89, 183-
187. 
References 
- 241 - 
 
Pistevos, J.C.A., Calosi, P., Widdicombe, S., Bishop, J.D.D., 2011. Will variation 
among genetic individuals influence species responses to global climate change? Oikos 
120, 675-689. 
Place, S.P., O'Donnell, M.J., Hofmann, G.E., 2008. Gene expression in the intertidal 
mussel Mytilus californianus: physiological response to environmental factors on a 
biogeographic scale. Marine Ecology Progress Series 356, 1-14. 
Pook, C., Lewis, C., Galloway, T., 2009. The metabolic and fitness costs associated 
with metal resistance in Nereis diversicolor. Marine Pollution Bulletin 58, 1063-1071. 
Pörtner, H.O., 2008. Ecosystem effects of ocean acidification in times of ocean 
warming: a physiologist's view. Marine Ecology Progress Series 373, 203-217. 
Pörtner, H.O., 2010. Oxygen- and capacity-limitation of thermal tolerance: a matrix for 
integrating climate-related stressor effects in  marine ecosystems. Journal of 
Experimental Biology 213, 881-893. 
Pörtner, H.O., Bennett, A.F., Bozinovic, F., Clarke, A., Lardies, M.A., Lucassen, M., 
Pelster, B., Schiemer, F., Stillman, J.H., 2006. Trade-offs in thermal adaptation: The 
need for a molecular to ecological integration. Physiological and Biochemical Zoology 
79, 295-313. 
Pörtner, H.O., Berdal, B., Blust, R., Brix, O., Colosimo, A., De Wachter, B., Giuliani, 
A., Johansen, T., Fischer, T., Knust, R., Lannig, G., Naevdal, G., Nedenes, A., 
Nyhammer, G., Sartoris, F.J., Serendero, I., Sirabella, P., Thorkildsen, S., Zakhartsev, 
M., 2001. Climate induced temperature effects on growth performance, fecundity and 
recruitment in marine fish: developing a hypothesis for cause and effect relationships in 
Atlantic cod (Gadus morhua) and common eelpout (Zoarces viviparus). Continental 
Shelf Research 21, 1975-1997. 
References 
- 242 - 
 
Pörtner, H.O., Farrell, A.P., 2008. Physiology and climate change. Science 322, 690-
692. 
Przeslawski, R., Davis, A.R., Benkendorff, K., 2005. Synergistic effects associated with 
climate change and the development of rocky shore molluscs. Global Change Biology 
11, 515-522. 
Purohit, P.V., Rocke, D.M., Viant, M.R., Woodruff, D.L., 2004. Discrimination models 
using variance-stabilizing transformation of metabolomic NMR data. OMICS: A 
Journal of Integrative Biology 8, 118-130. 
Raupach, M.R., Marland, G., Ciais, P., Le Quéré, C., Canadell, J.G., Klepper, G., Field, 
C.B., 2007. Global and regional drivers of accelerating CO2 emissions. Proceedings of 
the National Academy of Science USA 104, 10288-10293. 
Raven, J., Caldeira, K., Elderfield, H., Hoegh-Guldberg, O., Liss, P., Riebesell, U., 
Shepherd, J., Turley, C., Watson, A., 2005. Ocean acidification due to increasing 
atmospheric carbon dioxide., The Royal Society policy document 12/05. Clyvedon 
Press, Cardiff, UK. 
Rayssac, N., Pernet, F., Lacasse, O., Trembley, R., 2010. Temperature effect on 
survival, growth, and triacyglycerol content during the early ontogeny of Mytilus edulis 
and M. trossulus. Marine Ecology Progress Series 417, 183-191. 
Renwrantz, L., 1990. Internal defence system of Mytilus edulis, in: Stefano, G.B. (Ed.), 
Studies in neuroscience, neurobiology of Mytilus edulis. Manchester University Press, 
Manchester, pp. 256-275. 
Renwrantz, L., Daniels, J., Hansen, P.D., 1985. Lectin-binding to hemocytes of Mytilus 
edulis. Developmental and Comparative Immunology 9, 203-210. 
References 
- 243 - 
 
Reynaud, S., Leclercq, N., Romaine-Lioud, S., Ferrier-Pagès, C., Jaubert, J., Gattuso, 
J.P., 2003. Interacting effects of CO2 partial pressure and temperature on photosynthesis 
and calcification in a scleractinian coral. Global Change Biology 9, 1660-1668. 
Riebesell, U., Zondervan, I., Rost, B., Tortell, P., Zeebe, R.E., Morel, F.M.M., 2000. 
Reduced calcification of marine plankton in response to increased atmospheric CO2. 
Nature 407, 364-367. 
Ries, J.B., Cohen, A.L., McCorkle, D.C., 2009. Marine calcifiers exhibit mixed 
responses to CO2-induced ocean acidification. Geology 37, 1057-1152. 
Riginos, C., Cunningham, C.W., 2005. Local adaptation and species segregation in two 
mussel (Mytilus edulis x Mytilus trossulus) hybrid zones. Marine Ecology 14, 381-400. 
Rittschof, D., McClellan-Green, P., 2005. Mollscs as multidisciplinary models in 
environment toxicology. Marine Pollution Bulletin 50, 369-373. 
Roch, P., 1999. Defense mechanisms and disease prevention in farmed marine 
invertebrates. Aquaculture 172, 125–145. 
Rodolfo-Metalpha, R., Lombardi, C., Cocito, S., Hall-Spencer, J.M., Gambi, M.C., 
2010. Effects of ocean acidification and high temperatures on the bryozoan Myriapora 
truncata at natural CO2 vents. Marine Ecology 31, 447-456. 
Rodríguez-Ramos, T., Carpio, Y., Bolívar, J., Espinosa, G., Hernández-López, J., 
Gollas-Galván, T., Ramos, L., Pendón, C., Estrada, M.P., 2010. An inducible nitric 
oxide synthase (NOS) is expressed in hemocytes of the spiny lobster Panulirus argus: 
Cloning, characterization and expression analysis. Fish & Shellfish Immunology 29, 
469-479. 
Roff, D.A., 1992. Evolution of life histories: theory and analysis. Chapman and Hall, 
New York, USA. 
References 
- 244 - 
 
Rolff, J., Joop, G., 2002. Estimating condition: pitfalls of using weight as a fitness 
covarience. Evolutionary Ecology Research 4, 931-935. 
Rolff, J., Siva-Jothy, M.T., 2003. Invertebrate ecological immunology. Science 301, 
472-475. 
Romano, N., Zeng, C., 2010. Changes to the histological gill structure and haemolymph 
composition of early blue swimmer crab Potunus pelagicus juveniles during elevated 
ammonia-N exposure and the post-exposure recovery. Aquaculture Research 41, 468-
480. 
Sabine, C.L., Feely, R.A., Gruber, N., Key, R.M., Lee, K., Bullister, J.L., Wanninkhof, 
R., Wong, C.S., Wallace, D.W.R., Tilbrook, B., Millero, F.J., Peng, T.H., Kozyr, A., 
Ono, T., Rios, A.F., 2004. The oceanic sink for anthropogenic CO2. Science 305, 367-
371. 
Sagarin, R.D., Barry, J.P., Gilman, S.E., Baxter, C.H., 1999. Climate-related change in 
an intertidal community over short and long time scales. Ecological Monographs 69, 
465-490. 
Sakai, M., 1999. Current research status of fish immunostimulants. Aquaculture 172, 
63-92. 
Sand-Jensen, K., Revsbech, N.P., Barker Jørgensen, B., 1985. Microprofiles of oxygen 
in epiphyte communities on submerged macrophytes. Marine Biology 89, 55-62. 
Schmid-Hempel, P., 2003. Variation in immune defence as a question of evolutionary 
ecology. Proceedings of the Royal Society of London B 270, 375-366. 
Schneider, K., Erez, J., 2006. The effect of carbonate chemistry on calcification and 
photosynthesis in the hermatypic coral Acropora eurystoma. Limnology and 
Oceanography 51, 1284-1293. 
References 
- 245 - 
 
Schock, T., Stancyk, D., Thibodeaux, L., Burnett, K., Burnett, L., Boroujerdi, A., 
Bearden, D., 2010. Metabolomic analysis of Atlantic blue crab, Callinectes sapidus, 
hemolymph following oxidative stress. Metabolomics 6, 250-262. 
Schulte-Hostedde, A.I., Zinner, B., Millar, J.S., Hickling, G.J., 2005. Restitution of 
mass-size residuals: validating body condition indicies. Ecology 86, 155-163. 
Seder, R.A., Hill, A.V.S., 2000. Vaccines against intracellular infections requiring 
cellular immunity. Nature 406. 
Seed, R., Suchanek, T.H., 1992. Population and community ecology of Mytilus, in: 
Gosling, E. (Ed.), The mussel Mytilus: ecology, physiology, genetics and culture. 
Elselvier, Amsterdam, pp. 87-169. 
Seibel, B.A., Maas, A.E., Dierssen, H.M., 2012. Energetic plasticity underlies a variable 
response to ocean acidification in the pteropod, Limacina helicina antarctica. PLoS 
One 7, e30464. 
Sheldon, B.C., Verhulst, S., 1996. Ecological immunology: costly parasite defences and 
trade-offs in evolutionary ecology. Trends in Ecology and Evolution 11, 317-321. 
Sibly, R.M., Calow, P., 1986. Physiological ecology of animals. Blackwells, Oxford. 
Silverstein, A.M., 1989. A history of immunology. Academic Press, San Diego. 
Siva-Jothy, M.T., Tsubaki, Y., Hooper, R.E., 1998. Decreased immune response as a 
proximate cost of copulation and oviposition in a damselfly. Physiological Entomology 
23, 274-277. 
Small, D., Calosi, P., White, D., Spicer, J.I., Widdicombe, S., 2010. Impact of medium-
term exposure to CO2 enriched seawater on the physiological functions of the velvet 
swimming crab Necora puber. Aquatic Biology 10, 11-21. 
Smith, J.R., Fong, P., Ambrose, R.F., 2006. Dramatic declines in mussel bed 
community diversity: response to climate change? Ecology 87, 1153-1161. 
References 
- 246 - 
 
Smith, V.J., Findlay, C., Schnapp, D., Hutton, D.M.C., 1995. Detection of antimicrobial 
activity in the tissues or body fluids of marine invertebrates, in: Stolen, J.S., Fletcher, 
T.C., Smith, S.A., Zelikoff, J.T., Kaattari, S.L., Anderson, R.S., Söderhäll, K., Weeks-
Perkins, B.A. (Eds.), Techniques in Fish Immunology; immunology and pathology of 
aquatic invertebrates. SOS Publications, Fair Haven, NJ, USA. 
Sokolov, A.P., Stone, P.H., Forest, C.E., Prinn, R., Sarofim, M.C., Webster, M., 
Paltsev, S., Schlosser, C.A., Kicklighter, D., Dtkiewicz, S., Reilly, J., Wang, C., Felzer, 
B., Jacoby, H.D., 2009. Probabilistic forecast for 21st century climate based on 
uncertainties in emissions (withot policy) and climate parameters. Journal of Climate 
22, 5175-5204. 
Sokolova, I.M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy 
homeostasis as an integrative tool for assessing limits of environmnetal stress tolerance 
in aquatic invertebrates. Marine Environmental Research 79, 1-15. 
Somero, G.N., 2002. Thermal physiology and vertical zonation of intertidal animals: 
optima, limits, and costs of living. Integrative and Comparative Biology 42, 780-789. 
Sorte, C.J.B., Jones, S.J., Miller, L.P., 2011. Geographic variation in temperature 
tolerance as an indicator of potential population responses to climate change. Journal of 
Experimental Marine Biology and Ecology 400, 209-217. 
Soudant, P., Paillard, C., Choquet, G., Lambert, C., Reid, H.I., Marhic, A., Donaghy, L., 
Birkbeck, T.H., 2004. Impact of season and rearing site on the physiological and 
immunological parameters of the Manila clam Venerupis (=Tapes, =Ruditapes) 
philippinarum. Aquaculture 229, 401-418. 
Soudant, P., Van Ryckeghem, K., Marty, Y., Moal, J., Samain, J.F., Sorgeloos, P., 
1999. Comparison of the lipid class and fatty acid composition between a reproductive 
References 
- 247 - 
 
cycle in nature and a standard hatchery conditioning of the Pacific Oyster Crassostrea 
gigas. Comparative Biochemistry and Physiology, Part B 123, 209-222. 
Spann, N., Aldridge, D.C., Griffin, J.L., Jones, O.A.H., 2011. Size-dependent effects of 
low level cadmium and zinc exposure on the metabolome of the Asian clam, Corbicula 
fluminea. Aquatic toxicology 105, 589-599. 
Spicer, J.I., Gaston, K.J., 1999. Physiological diversity and its ecological implications. 
Blackwell Science, Oxford, UK. 
Spicer, J.I., Raffo, A., Widdicombe, S., 2007. Influence of CO2-related seawater 
acidification on extracellular acid-base balance in the velvet swimming crab Necora 
puber. Marine Biology 151, 1117-1125. 
St-Jean, S.D., Pelletier, E., Courtenay, S.C., 2002. Hemocyte functions and bacterial 
clearance affected in vivo by TBT and DBT in the blue mussel Mytilus edulis. Marine 
Ecology Progress Series 236, 163-178. 
Stabili, L., Pagliara, P., 2009. Effect of zinc on lysosome-like activity of the seastar 
Marthasterias glacialis (Echinodermata, asteroidea) mucus. Journal of Invertebrate 
Pathology 100, 189-192. 
Stearns, S.C., 1992. The evolution of life histories. Oxford University Press, Oxford, 
UK. 
Steiger, S., Gershman, S.N., Pettinger, A.M., Eggert, A.-K., Sakaluk, S.K., 2011. Sex 
differences in immunity and rapid upregulation of immune defence during parental care 
in the burying beetle, Nicrophorus orbicollos. Functional Ecology 25, 1368-1378. 
Steinacher, M., Joos, F., Frölicher, T.L., Plattner, G.K., Doney, S.C., 2009. Imminent 
ocean acidification in the Arctic projected with the NCAR global coupled carbon cycle-
climate model. Biogeosciences 6, 515-533. 
References 
- 248 - 
 
Steiner, H., Hultmark, D., Engstrom, A., Bennich, H., Boman, H.G., 1981. Sequence 
and specificity of 2 anti-bacterial proteins involved in insect immunity. Nature 292, 
246-248. 
Stoehr, A.M., 2007. Inter- and intra-sexual variation in immune defence in the cabbage 
white butterfly, Pieris rapae L. (Lepidoptera: Pieridae). Ecological Entomology 32, 
188-193. 
Stokes, T.M., Awapara, A., 1968. Alanine and succinate as end-products of glucose 
degradation in the clam Rangia cuneata. Comparative Biochemistry and Physiology 25, 
883-892. 
Strasser, C.A., Mullineaux, L.S., Thorrold, S.R., 2008. Temperature and salinity effects 
on elemental uptake in the shells of larval and juvenile softshell clams Mya arenaria. 
Marine Ecology Progress Series 370, 155-169. 
Suchanek, T.H., 1979. The Mytilus californianus community: studies on the 
composition, structure, organization, and dynamics of a mussel bed. University of 
Washington, Seattle, Washington, USA. 
Suchanek, T.H., 1994. Temperate coastal marine communities: biodiversity and threats. 
American Zoologist 34, 100-114. 
Sunday, J.M., Crim, R.N., Harley, C.D., Hart, M.W., 2011. Quantifying rates of 
evolutionary adaptation in response to ocean acidification. PLoS One 6, e22881. 
Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beaumont, L.J., Collingham, 
Y.C., Erasmus, B.F.N., Ferreira de Sigueira, M., Grainger, A., Hannah, L., Hughes, L., 
Huntley, B., van Jaarsveld, A.S., Midgley, G.F., Miles, L., Ortega-Huerta, M.A., 
Peterson, A.T., Phillips, O.L., Williams, S.E., 2004. Extinction risk from climate 
change. Nature 427, 145-148. 
References 
- 249 - 
 
Thomkins, J.L., Radwan, J., Kotiaho, J.S., Tregenza, T., 2004. Genetic capture and 
resolving the lek paradox. Trends in Ecology and Evolution 19, 323-328. 
Thomsen, J., Gutowska, M.A., Saphörster, J., Heinemann, A., Trübenbach, K., Fietzke, 
J., Hiebenthal, C., Eisenhauer, A., Kötzinger, A., Wahl, M., Melzner, F., 2010. 
Calcifying invertebrates succeed in a naturally CO2-rich coastal habitat but are 
threatened by high levels of future acidification. Biogeosciences 7, 3879-3891. 
Thomsen, J., Melzner, F., 2010. Moderate seawater acidification does not elicit long-
term metabolic depression in the blue mussel Mytilus edulis. Marine Biology 157, 2667-
2676. 
Thomson, D.J., 1997. Dependence of global temperatures on atmospheric CO2 and solar 
irradiance. Proceedings of the National Academy of Science USA 94, 8370-8377. 
Tikunov, A.P., Johnson, C.B., Lee, H., Stoskopf, M.K., Macdonald, J.M., 2010. 
Metabolomic investigations of American oysters using 1H-NMR spectroscopy. Marine 
Drugs 8, 2578-2596. 
Tirapé, A., Bacque, C., Brizard, R., Vandenbulcke, F., Boulo, V., 2007. Expression of 
immune-related genes in the oyster Crassostrea gigas during ontogenesis. 
Developmental and Comparative Immunology 31, 859-873. 
Tjeerdema, R.S., 2008. Application of NMR-based techniques in aquatic toxicology: 
Brief examples. Marine Pollution Bulletin 57, 275-279. 
Trivers, R.L., 1972. Parental investment and sexual selection, in: Campbell, B. (Ed.), 
Sexual selection and the descent of man, 1871-1971. Heinemann, London, pp. 136-179. 
Tuckett, R.P., 2009. The role of atmospheric gases in global warming, in: Letcher, T.M. 
(Ed.), Climate change: Observed impacts on planet earth. Elselvier, pp. 3-19. 
References 
- 250 - 
 
Tuffnail, W., Mills, G.A., Cary, P., Greenwood, R., 2009. An environmnetal 1H NMR 
metabolomic study of the exposure of the marine mussel Mytilus edulis to atrazine, 
lindane, hypoxia and starvation. Metabolomics 5, 33-43. 
Turley, C., Boot, K., 2010. Environmental consequences of ocean acidification: A threat 
to food security. UNEP, Nairobi. 
Veldhoen, N., Ikonomou, M.G., Helbing, C.C., 2012. Molecular profiling of marine 
fauna: Integration of omics with environmnetal assessment of the world's oceans. 
Ecotoxicology and Environmental Safety 76, 23-38. 
Verghese, B., Radhakrishnan, E.V., Padhi, A., 2007. Effect of environmental 
parameters on immune response of the Indian spiny lobster, Panulirus homarus 
(Linnaeus, 1758). Fish & Shellfish Immunology 23, 928-936. 
Viant, M.R., 2003. Improved methods for the acquisition and interpretation of NMR 
metabolomic data. Biochemical and Biophysical Research Communications 310, 943-
948. 
Viant, M.R., 2007. Metabolomics of aquatic organisms: the new 'omics' on the block. 
Marine Ecology Progress Series 332, 301-306. 
Viant, M.R., 2008. Recent developments in environmental metabolomics. Molecular 
BioSystems 4, 980-986. 
Viant, M.R., Rosenblum, E.S., Tjeerdema, R.S., 2003. NMR-based metabolomics: a 
powerful approach for characterizing the effects of environmnetal stressors on organism 
health. Environmental Science & Technology 37, 4982-4989. 
Viney, M.E., Riley, E.M., Buchanan, K.L., 2005. Optimal immune responses: 
immunocompetence revisited. Trends in Ecology and Evolution 20, 665-669. 
Wang, F., Yang, H., Gabr, H.R., Gao, F., 2008a. Immune condition of Apostichopus 
japonicus during aestivation. Aquaculture 285, 238-243. 
References 
- 251 - 
 
Wang, F., Yang, H., Gao, F., Liu, G., 2008b. Effects of acute temperature or salinity 
stress on the immune response in sea cucumber, Apostichopus japonics. Comparative 
Biochemistry and Physiology Part A 151, 491-498. 
Wang, G., Li, X., Wang, Z., 2009. APD2: the updated antimicrobial peptide database 
and its application in peptide design. Nucleic Acids Research 37, D933-D937. 
Ward, J.R., Kim, K., Harvell, C.D., 2007. Temperature affects coral disease resistance 
and pathogen growth. Marine Ecology Progress Series 329, 115-121. 
Weibel, E.R., Elias, H., 1967. Quantitative methods in morphology. Springer-Verlag, p. 
267. 
Widdicombe, S., Needham, H.R., 2007. Impact of CO2-induced seawater acidification 
on the burrowing activity of Nereis virens and sediment nutrient flux. Marine Ecology 
Progress Series 341, 111-122. 
Widdicombe, S., Spicer, J.I., 2008. Predicting the impact of ocean acidification on 
benthic biodiversity: what can animal physiology tell us? Journal of Experimental 
Marine Biology and Ecology 366, 187-197. 
Widdows, J., Donkin, P., 1992. Mussels and environmental contaminants: 
Bioaccumulation and physiological aspects, in: Gosling, E. (Ed.), The mussel Mytilus: 
ecology, physiology, genetics and culture. Elselvier, Amsterdam, pp. 383-424. 
Williams, G.C., 1966. Natural selection, the cost of reproduction and a refinement of 
Lack's principle. American Naturalist 100, 687-690. 
Wingfield, J.C., Sapolsky, R.M., 2003. Reproduction and resistance to stress: when and 
how. Journal of Neuroendocrinology 15, 711-724. 
Wood, H.L., Spicer, J.I., Lowe, D.M., Widdicombe, S., 2010. Interaction of ocean 
acidification and temperature; the high cost of survival in the brittlestar Ophiura 
ophiura. Marine Biology 157, 2001-2013. 
References 
- 252 - 
 
Wood, H.L., Spicer, J.I., Widdicombe, S., 2008. Ocean acidification may increase 
calcification rates, but at a cost. Proceedings of the Royal Society of London B 275, 
1967-1773. 
Wootton, E.C., Dyrynda, E.A., Pipe, R.K., Ratcliffe, N.A., 2003. Comparisons of PAH-
induced immunomodulation in three bivalve molluscs. Aquatic toxicology 65, 13-25. 
Wu, H., Wang, W.-X., 2010. NMR-based metabolomic studies on the toxicological 
effects of cadmium and copper on green mussels Perna viridis. Aquatic toxicology 100, 
339-345. 
Yang, A., Zhou, Z., Dong, Y., Jiang, B., Wang, X., Chen, Z., Guan, X., Wang, B., Sun, 
D., 2010. Expression of immune-related genes in embryos and larvae of sea cucumber 
Apostichopus japonicus. Fish & Shellfish Immunology 29, 839-845. 
Young, K.M., Cramp, R.L., White, C.R., Franklin, C.E., 2011. Influence of elevated 
temperature on metabolism during aestivation: implications for muscle disuse atrophy. 
The Journal of Experimental Biology 214, 3782-3789. 
Yu, J.H., Choi, M.C., Park, K.I., Park, S.W., 2010. Effects of anoxia on immune 
functions in the surf clam Mactra veneriformis. Zoological Studies 49, 94-101. 
Yund, P.O., McCartney, M.A., 1994. Male reproductive success in sessile invertebrates: 
competition for fertilizations. Ecology 75, 2151-2167. 
Zachos, J.C., Röhl, U., Schellenberg, A., Sluijs, A., Hodell, D.A., Kelly, D.C., Thomas, 
E., Nicolo, M., Raffi, I., Lourens, L.J., McCarren, H., Kroon, D., 2005. Rapid 
acidification of the ocean during the Paleocene-Eocene thermal maximum. Science 308, 
1611-1615. 
Zhang, L., Liu, X., You, L., Zhou, L., Wu, H., Li, L., Zhao, J., Feng, J., Yu, J., 2011. 
Metabolic resposes in gills of Manila clam Ruditapes philippinarum exposed to copper 
using NMR-based metabolomics. Marine Environmental Research 72, 33-39. 
References 
- 253 - 
 
Zuk, M., 1996. Disease, endocrine-immune interactions, and sexual selection. Ecology 
77, 1037-1042. 
Zuk, M., Simmons, L.W., Rothenberry, J.T., Stoehr, A.M., 2004. Sex differences in 
immunity in two species of field crickets. Canadian Journal of Zoology 82, 627-634. 
Zuk, M., Stoehr, A.M., 2002. Immune defense and host life history. The American 
Naturalist 160, S9-S22. 
 
 
